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1.1 Overview on living polymerization 
Over 50 years, by the discovery by Michael Szwarc, living polymerization has been 
considered as the most versatile process in the field of polymer synthesis, where the 
advanced materials with high features are not found in conventional polymerization. 
Basically, conventional polymerization involved three steps: initiation, propagation and 
termination in overall reaction (Scheme 1-1). As the growing chain of the polymer have 
just initiated, the other ones may become non-reactive due to termination reaction. Thus, 
the degree of the polymerization, DP is not varying with time and does not influenced 
by the conversion of the monomer. However, the main problem of conventional radical 
polymerization is a lack of macromolecular control including degrees of polymerization, 
polydispersities, end functionalities, chain architectures, and composition, and also the 















Scheme 1-1. Conventional radical polymerization 
 
To overcome this problem, living polymerization is the most effective method where 
it is able to control the primary structure of the polymer, i.e. controlled molecular 
weight, molecular weight distribution, and steric structure. Living polymerization can 
be defined as chain polymerization consist only initiation and propagation reaction, 
without side reactions such as termination and chain-transfer reaction. Such a 
polymerization provides end group and enables the synthesis of block copolymers by 
sequential monomer addition. The living/controlled polymerization can be achieved 
when the initiator are consumed at the early stage of the polymerization and the dormant 
species that can quickly alternate with the active radical species on stimulus such as heat, 
catalyst, or radical generator (Scheme 1-2).
2 
Szwarc introduced living anionic 
polymerization in 1956, since then, the process has been flourishing via various 
polymerization mechanisms have been reported including cationic, radical, and 
ring-opening polymerization.
3,4
 Since the living polymerization is free from side 
reactions such as termination and chain transfer, well-defined architectures and 
molecular weights can be obtained. Herein, the author is briefly discussed the 
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development of living radical polymerization, living cationic polymerization and 
mechanistic transformation between living radical polymerization and living cationic 
polymerization.  
 
Scheme 1-2. Reversible activation of dormant end. 
 
1.2 Living radical polymerization. 
In 1982, Otsu and coworkers were the first suggested the idea of stable radical 
(persistent radical) for precision polymerization.
5,6 
It is called inferter polymerization 
where alkyl dithiocarbamates or carbon disulfide (CS2) derivatives were used as 
dormant species of the initiating and propagating radicals. The polymerization involved 
the polymerization via initiation, propagation, primary radical termination, and transfer 
to initiator without bimolecular reaction and other chain-transfer reaction. Using this 
polymerization, a well-defined polymer with controlled end-groups is achieved. These 
works have opened the way to modern radical methods and the research on living 
radical polymerization have emerged and attracted many researchers. 
  




Various kinds of controlled radical polymerization have been found, where among the 
most well-established methods deriving from this concept are nitroxide-mediated 
polymerization (NMP) and atom transfer radical polymerization (ATRP). Both 
processes are achieved through reversible termination mechanism in which the 
propagating radical reacts with the control agent to give an active chain. It is controlled 
by the persistent radical effect. Another mechanism is achieved through degenerative 
chain transfer (DT) process where the dormant chain can be transferred into actives 
chain via physical or chemical stimulus. Examples include reversible iodine transfer 
polymerization (RITP), reversible chain transfer catalyzed polymerization (RCTP) by 
Goto group, organotellurium mediated living radical polymerization (TERP) and 
organostibine mediated living radical polymerization (SBRP) by Yamago group, and 
also reversible addition-fragmentation chain transfer (RAFT) polymerization.  These 
methods are the most widely used in polymer synthesis area for production of many 






 and drug deliveries.
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The first controlled/living radical polymerization system that was introduced 
similarly to the living anionic polymerization in term of controlling the MWD and 
polymer architecture is nitroxide-mediated polymerization (NMP).
1,11-13 
NMP is the 
system that used alkoxyamines such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) as 
a stable radical and thermal initiator such as 2,2’-azobisisobutyronitrile (AIBN) or 
benzoyl peroxide (BPO). The key step in the mechanism of nitroxide-mediated 
polymerization is the reversible coupling of the propagating radicals (active chains) 
with nitroxides to produce the corresponding alkoxyamines (dormant chains) as shown 
in Scheme 1-4. The polymerization using NMP can be carried out in bulk and organic 
solvents and also can be conducted even at high temperature (>120 °C). Currently, the 
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polymerization in aqueous dispersed media portrays an arousing interest in their 
features and properties. However, alkoxyamines are relatively expensive, generally 
difficult to remove from the chain end, not yet commercially available, and hence, need 
to be synthesized. Furthermore due to the concentration ratio of free nitroxide to the 
initiator are quite high, the equilibrium is shifted toward dormant species. The thermal 
initiator also could be influenced as the primary radicals sustain from fragmentation 
reactions. However, Rizzardo et. al
14
 and Hawker et al.
15,16
 improved the system by 
introducing unimolecular initiator that decomposes into both the initiating radical and 
the nitroxide. The rapid accomplishment of NMP offer new advanced application and 
promise potential of this method in material science and engineering.  
 
Scheme 1-4. General Mechanism of NMP 
 
The term of atom transfer radical polymerization (ATRP) originally comes from the 
atom transfer radical addition (ATRA), which is catalyzed by transition metal 
complexes based on Kharasch addition reaction.
1,11,12, 17-19 
The polymerization via ATRP 
was controlled by a dynamic equilibrium is established between an alkyl halide (or 
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halogen end-capped polymer chain, RX) and the corresponding radical (R·) by means of 




Y/ligand).  The transition metal 
complex initiates the polymerization, terminates or deactivates by a transition metal 
complexes as shown in Scheme 1-5. The thermodynamics control the molecular weight, 
polydispersities, end-functionality and polymer structure.  
Scheme 1-5. General Mechanism of ATRP 
 
The transition-metal complex plays an important component in the ATRP. Several 














 Among them, the iron-based system is attractive due to 
the low price and the nontoxic nature of iron. Some of these catalysts have advantages 
such as high reactivity, high solubility in organic media, insensitivity to air, colorless 











 The ligand was 
used to solubilize the metal ion, which also affects the reduction potential of the 
transition metal ion. For initiator, alkyl bromides, chlorides and iodides are usually 
used. 
The development of reversible addition-fragmentation chain transfer (RAFT) is 
rapidly fast and become one of the leading controlled/living radical polymerization 
techniques since its invention by CSIRO group in 1998.
1,11,12,43-47
 The first example are 
the polymerization in the presence of an alkyl iodide introduced by Gaynor et al.
48
 
where the reversible chain transfer occurred by homogeneous substitution. Moad et al. 
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was first to achieve living radical polymerization using dithioester RAFT agent.
49 
Some 
advantages of RAFT polymerization are tolerant to a very wide range of monomers and 
solvents and effective in a wide temperature range. To be effective, RAFT agents have 
to carry a good leaving group (R) that is attached to the S atom(s) and activating group 
to stabilize the intermediate reaction (Z). A small amount of RAFT agent will lead to 
polymeric materials with controlled molecular weights, narrow distributions, and 
well-defined architectures. There are a number of reports on the structure of the Z group, 
i.e. dithioester (Z = Ph,, CH3CH2Ph), trithiocarbonate (Z = SCH3, SC2H5, SC12H25), 
dithiocarbamate (Z = N(C2H5)2, pyrrole) and also xanthates (Z = OPh, OEt). Each of the 
structures is able to polymerize different monomers with different by selectively 
designed the structure of R and Z group. 
 
Scheme 1-6. Mechanism of RAFT Polymerization 
 
The mechanism of RAFT is shown in Scheme 1-6. First, propagating radicals are 
generated in a conventional free radical polymerization. The chain transfer reaction 
occured when propagating radicals generated from the initiator was introduced into the 
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chain transfer agent.  At the meantime, the propagation reaction of the polymer 
reinitiate again from the leaving radicals with monomer to form a new propagating 
radical (Pm). The chain transfer reaction is reversible, thus each polymer chain will 
continue to grow when chain transfer reaction rate is faster. Equilibration of the growing 
chains gives rise to a narrow molecular weight polydispersities. Various studies such as 
synthesis of the functional group polymer,
50





 induced by polymerization have been performed, due to the RAFT 




1.3 Living cationic polymerization 
Living polymerization is achieved in the various active species. During propagation 
reaction, when the active species is a cation, the polymerization system can be defined 
as a living cationic. Until 1980, the precision controlled polymerization was difficult 
because normally in cationic polymerization, the growth carbocation is unstable. For 
example, side reactions such as β-proton elimination occurred frequently during the 
polymerization. However, this problem was overcome by Higashimura and Sawamoto 
et al. who introduced living cationic polymerization of vinyl ether with HI / I2 in 1984.
55
 
During the polymerization, hydrogen iodide (HI) was added into the monomer, to 
generate an initiating species with a stable carbon-iodine bond. I2 (iodine) acted as an 
activator and activated this bond as carbocation species (Scheme 1-7). However, due to 
carbon-iodine bond is stable, the carbocation was obtained only at a low concentration 
and involved onerous handling techniques. After then, Kennedy et al. introduced living 







Scheme 1-7. Living cationic polymerization of vinyl ether initiated with a system consisting 
of hydrogen iodide and iodine (HI/I2) 
 
After these discoveries, research on living cationic polymerization has emerged 
rapidly. In 1986, the system of stabilizing the growing carbocation by adding a weak 
Lewis base, EtAlCl2 to synthesize a living polymer was presented by Higashimura 
group.
57,58
 Using this system, the unstable propagating carbocation are stabilized by 
nucleophilic interaction with the added base compound (Scheme 1-8). Furthermore, it is 
allowed us to achieve the polymerization at a higher temperature compared to previous 
method. Another system that was introduced is living cationic polymerization of vinyl 
ether by metallic Lewis acid.
59
 Recently, the reaction mechanism of living cationic 
polymerization of IBVE using alcohol as initiator has also been reported.
60  
The 
development of cationically polymerizable polymers having low molecular weights and 
narrow molecular weight distributions allow the way to produce a large variety of block, 





Scheme 1-8. Living cationic polymerization of vinyl ether under organoaluminium halides with 
an added Lewis base initiation system. 
 
1.4 Metal-free living cationic polymerization 
Usually, at the end of living cationic polymerization, it is required to remove the 
metal Lewis acid residue. However, there is a concern the structure of block copolymers 
might be destructed.  Furthermore, for the block copolymer used in the synthesis of 
self-assembly, a process which does not harm the structure of the polymer is required, 
thus, the methods without a post-polymerization is needed. Therefore, instead of metal 
Lewis acid catalysts, metal-free living cationic polymerization using an effective 
organic compound was first reported in ring-opening cationic polymerization. The 
ring-opening living cationic polymerization of -valerolactone and -caprolactone were 
successfully synthesized using HCl or an organic acid as a catalyst.
63
 Furthermore, the 
cationic polymerization of lactide in dichloromethane solution at room temperature was 
successfully controlled under the combination of trifluoromethanesulfonic acid (HOTf) 
and a protic reagent.
64
 Recently, Kakuchi et al reported ROP of -valerolactone using 
trifluoromethanesulfonimide (HNTf2) as a organocatalyst and 3-phenyl-1-propanol 





Living cationic polymerization of vinyl ethers under non-metal initiating system 
was considered impossible to polymerize for a long time. However, Sawamoto and 
Higashimura reported the possibility of applying this system by using HI alone in the 
polymerization of N-vinylcarbazole (NVC).
66
 This polymerization was possible 
according to the fact that HI is less nucleophilic and has strong interaction with the 
stable NVC cation to provide living propagation. The living polymerization systems can 
be achieved by selectively designed the suitable monomer (carbocation) and initiator 
(counteranion) as shown in Fig.1.  
 
 
Fig. 1. Scope of living cationic polymerization of vinyl monomers. Boxes A, B-1 and C indicate 
the monomer/initiator combinations for living polymerization. 
 
Excluding those examples, the living cationic polymerization of vinyl ether using 
protonic acid without Lewis acid to activate the cationogen was not developed until 
recently, Sugihara et. al. reported facile metal-free cationic polymerization of various 
vinyl ethers, using hydrogen chloride with diethyl ether (HCl Et2O) at 0 °C to room 
temperature (Scheme 1-9). The obtained molecular weights of the polymers were 
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controlled with a feed ratio of a monomer and HCl. This shows that HCl is a Lewis base, 
which is not an activator, but also an auxiliary agent for HCl dissociation.
67-69 
Since then, 
Sugihara et. al. have successfully synthesized various types of vinyl ethers and also ring 
opening polymerization of caprolactone.68,69 
 
Scheme 1-9. Mechanism of Living Cationic Polymerization of Vinyl Ethers by HCl Et2O.  
 
1.5 Mechanistic transformation of controlled/living polymerizations 
Living polymerization has an ability to control molecular weight, molecular weight 
distribution and also preparation of polymer architecture such as block, graft, star 
copolymer and so on. Normally, block copolymers can be easily synthesized by adding 
the second monomer sequentially into the first living polymer.  Over a few decades, 
syntheses of block copolymer involving different polymerization modes have attracted 
many researchers’. An effective method has to develop to synthesize various types of 
functional block copolymer from different segments. For example, poly(vinyl ether)s 
are difficult to synthesize in radical polymerization while acrylics and acrylamides 
cannot be cationically polymerized. Thus, an effective and successful transformation 
from cationic to radical,
 
radical to anionic, anionic to cationic or vice versa
 
have been 





The history of mechanistic transformation involving different types of 
controlled/living polymerization stated about 35 years ago. On 1977, Burgess et al. was 
first introduced the concept of combining different systems; i.e from living anionic 
polymerization of styrene (St) to living cationic ring-opening polymerization of 
tetrahydrofuran.
 72
 This was then followed by Endo et al. focusing on transformation of 
living cationic polymerization into a living anionic polymerization of 
poly(THF-b--caprolactone),73 and  also Matyjaszewski et al. who successfully 
transformed living cationic to controlled radical polymerization using vinyl 
monomers.
74 
 The mechanistic transformation approach involving has provided the 
preparation of various segmented copolymers with a wide range of structural diversity. 






 hybrid block 
copolymers with poly(vinyl ether) blocks via organoheteroatom-mediated living radical 
to cationic polymerization which have been reported.
78,79 
 
Until recently, only a few reports on the development of mechanistic transformation 
involving living cationic polymerization and RAFT polymerization or the other way 
around have been published.  Kamigaito et al. was the first successfully synthesized 
poly(meth)acrylate-b-poly(viny ether) by combining those two polymerization 
systems.
80 
Sugihara et al. also have reported some methods to prepare well-defined 
block copolymers between vinyl ethers and other monomers such as acrylates, styrenes 
and acrylamides, and controlled molecular weight involving two mechanism 
polymerizations, such as living cationic polymerization and RAFT polymerization using 
two types of RAFT agent of the carboxylic trithiocarbonate as shown in Scheme 1-10.
81
 
For the combination of living cationic polymerization and RAFT polymerization, the 
14 
 
cationic polymerization of vinyl ether is initiated from a proton derived from the 
carboxylic RAFT agents and then the polymerization progressed smoothly under SnBr4 
initiation system in the presence of an additive such as ethyl acetate and 1,4-dioxane 
followed by the RAFT polymerization of radically polymerizable monomers using 
2,2’-azobis(isobutyronitrile) (AIBN) at 70 °C to prepare the block copolymers. Details 
concerning the new system will be described in the next chapter.  
 
Scheme 1-10. Transformation of Living Cationic Polymerization of Vinyl Ether into RAFT 
Polymerization 
 
1.6 Stimuli-responsive polymer 
  In recent years, the development of intelligent polymer corresponds to the changes in 
the external environment, which is responsive to an external stimulus; has dynamically 
attracted more attention (Fig. 1-2). The external stimuli can be divided into two types. 












 and chemical additives (glucose, antibody).
90
 The responses of the 
polymers were also varied such as dissolution or precipitation, degradation, drug release, 
change in hydration state, swelling or collapsing, hydrophilic or hydrophobic surface, 
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change in shape, conformational change and micellisation. As well as chemical interest, 
the stimuli responsive polymer is a high-performance material and very useful to our 
daily life and also can be applied to medical materials and etc.  
 
 
Fig. 1-2. Stimuli-responsive polymers 
 
In many types of the stimuli-responsive polymer, many researches are focused on 
thermo-responsive polymer. After the discovery of methyl cellulose,
91
 LCST (lower  
critical solution temperature) type of phase separation behavior polymer which is 
dissolved in water at a low temperature but above a certain temperature in many 
systems has been studied. The most have been discussed in detail is 
poly(N-isopropylacrylamide)  (PNIPAM).
92
 PNIPAM have been synthesized with 
many monomers and there are several of applications have been made. It is reported that 
controlled structured of acrylamide polymers including PNIPAM are difficult to 
synthesize and living polymerization also not proceeded. Therefore, the effects of phase 
separation to molecular weight, molecular weight distribution, and polymer end were 
difficult to explain. However, recent study on PNIPAM via RAFT polymerization show 




Another example of stimuli-responsive block copolymers  are a relatively low 
molecular weight triblock copolymers consist  of polypropylene oxide (PPO) and 
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polyethylene oxide (PEO) (PEOn-b-PPOm-b-PEOn). Due to the low toxicity and very 
biocompatible, it is widely used in various fields such as medical care and cosmetics. 
The hydrophobicity of PPO and hydrophilicity of PEO of the ABA triblock copolymer 
is temperature dependence and thus, aggregation varies when the temperature is 
changed in water.
94
 Furthermore, by concentrating the system to 20 wt% and gradually 




Fig. 1-3. Examples of Thermoresponsive Block Copolymers. 
As well as the response of these polymers to the temperature, there is a continuous 
investigation of the self-assembly processes too. A self-assembly is an organized 
component form into ordered structures or patterns without external direction.  For 
block copolymers containing responsive blocks, the reversibly self-assembly into 
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nanoparticle micelle-like aggregates can be made as the solvent conditions for the 
blocks are changed. Examples includes, poly(2-(2-ethoxy)ethoxyethyl vinyl 
ether)-b-poly(hydroxyethyl vinyl ether) (PEOEVE-b-PHOVE),
96
 poly(2-(2 
ethoxy)ethoxyethyl vinyl ether)-b-poly(2-methoxyethyl vinyl ether) 
(PEOEVE-b-PMOVE),
97






  (Fig. 1-3) and 
so on. Thus, living polymerization is the best method to synthesize stimuli-responsive 
block copolymer that realize self-assembly because the system provide polymers with 
well-defined structures and thermo-sensitivity simultaneously. 
 
1.7 Stereoblock copolymer 
In many years, the controlled on the stereoregularity was conducted by the 
stereoregular polymerization. The stereoregular polymerization of vinyl monomers was 
first introduced by Schildknecht et al. using vinyl alkyl ethers, where a stereospecific 
poly(iso-butyl vinyl ether) was obtained using boron trifluoride etherate (BF3·OEt2) 
catalyst in hydrocarbon solvent at –80 oC.100 Natta et al. then reported that 
poly(iso-butyl vinyl ether) prepared in this fashion has an isotactic structure.
101
 Since 
then, the developments of the stereoregular polymerization contributed to further 
progress on the controlled architecture. 
 
Fig. 1-4. Tacticity of the polymer 
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For controlled living polymerization, the precision control over the polymeric 
architecture is the most promising methods. The control over stereoregularity of the 
polymer during the polymerization is important because the chemical and physical 
properties of the polymer were highly depending on the tacticity (Fig. 1-4). The reports 
on the stereoregularity using the living polymerization are mainly focused on the 
anionic and coordination polymerization.
102-105
 In living radical polymerization, the 
RAFT polymerization of N-isopropylacrylamide in the presence of lanthanide triflate to 
synthesize the stereoregular polymer have been reported.
106
 On the other hand, 
Kobayashi et. al. introduced the stereoregularity of poly(IBVE) by living cationic 





The controlled on the tacticity during propagation reaction by living polymerization 
also enable the synthesis of stereoblock copolymer. The synthesis of stereoblock 
copolymer via living radical polymerization was first reported for the atactic-isotactic 
poly(N,N-dimethylacrylamide) (DMAM) by RAFT or ATRP in conjunction with Lewis 
acid additives.
108
 Another examples include the synthesis and properties of the 
stereotriblock poly(NIPAM)
109 




The development of stereoregularity controlled in living polymerization also plays 
important roles in the production of commodity polymer; polyvinyl alcohol (PVA). PVA 
is a commodity polymer that have been used in many areas such as chemical, medical 
and materials fields because it is a water soluble polymer, low toxicity and 
biodegradable.  The properties of PVA depend on tacticity, thus the control of the 
tacticity improve the properties and further contribute to the development of the 





 Each of the tacticity showed different physical properties. 
Therefore, the controlled over the tacticity can improve the development of PVA-based 
materials. 
 
1.8 Polymerization induced self-assembly (PISA) 
In the presence of the solvent, the low molecular weights of amphiphilic such as 
surfactants tend to form different aggregates with the increasing concentration such as 
micelles, liquid crystals and so on. Micelles are formed from several hundred molecules 
of spherical aggregates when exceeded the critical micelle concentration (CMC). As the 
micelles concentration increased, the volume fraction between hydrophobic and 
hydrophilic group is changed and micelles takes a variety of form along with the 
aggregation number such as rod-like micelles, vesicles and lamellar.  
 
Fig. 1-5. Structure and morphology of amphiphilic self-assembly in aqueous solution 
 
On the other hand, block copolymers are macromolecules consisting different 
segment that linked together which are immiscible and form various micro-phase 
separation either in bulk or solution. For example, for block copolymer in the solution, 
particularly, spherical micelles are mostly formed even at low concentrations. This 
spherical micelles formed a containing the core from the hydrophobic segments and 
hydrophilic segment which is expanded radially to the outside layers when introduced 
20 
 
into the water. This theory have a significant impact to determine the shape of the 
structure in water which was proposed by Israelachvili who introduced the molecular 
packing parameter, p defined as p = v0/a0lc where vo is the ratio of the hydrophobic 
portion, a0 is the optimum surface area, and lc is the interface maximum effective length 
of the chain (the critical chain length) as shown in Fig. 1-5, respectively
114
.  
Using this theory, the studies on the morphology of the block copolymer was then 
introduced by Eisenberg.
115,116 
Using a block copolymer of styrene and acrylic acid 
synthesized by living anionic polymerization, the structure Crew-Cut micelles and 
polymersomes was confirmed by transmission electron microscopy (TEM). This 
morphology was determined by three factors, which are the stretching force between 
core chains, the repulsive force between corona chains, and the surface tension between 
core-corona interface and the solvent.  
From the concept of self-assemblies of the polymer, block copolymer in selective 
solvents form self-associations such as spherical micelles, rod-shaped (worm-like), 
vesicles and toroids.
117-120
  This polymeric nanostructures offer many applications such 
as dispersants, templates, coatings, elastomers, drug delivery systems (DDS) and many 
more.
121-124 
However, those applications are most usually employed micelles. Even 
though vesicle and worm-like micelles are stable structures, however, it is difficult to 
selectively remove those shapes because the condition and forming area to prepare those 
shapes are very small. 
Various approaches for obtaining high order structures such as vesicles or worm 
have been investigated so far. Examples include rod-like micelles obtained from the 
epitaxial growth by crystalline block copolymers synthesized by living anionic 
polymerization.
125
 In living radical polymerization, examples include synthesis of 
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triblock copolymer to prepare nanocage shells by shell cross-linked micelles
126
 and also 
synthesis of gold nanoparticles from thermoresponsive block copolymers.
127 
However, 
this techniques require purification by re-dissolve the block copolymer in a selective 
solvent or perform the crosslink to stabilize the structure of the self-assembly.  
In recent years, polymerization induced self-assembly (PISA) via aqueous 
dispersion polymerization by applying the theory of surfactant packing parameter, these 
researches has attracted many attention. Dispersion polymerization is a well-known 
method to prepare in situ particle from the polymer. Due to the polymer is insoluble in 
solvents, the unstable fine particles form from the aggregation immediately after the 
polymerization. Steric stabilizer was used to prevent the precipitation and avoid the 
aggregation. Many researches on dispersion polymerization to synthesize in situ stable 
particles have been conducted. For example, stable particles can be prepared from low 
monomer concentration (< 3 wt%) or even at high concentration (~20 wt%).
128,129 
From 
this background, recent developments of living radical polymerization system allow us 
to prepare in situ various self-assemblies from the block copolymer using macro-CTA 
as a steric stabilizer which is metal-free, facile and no post-polymerization needed. 
 For example, Sugihara et. al. is the first introduced the polymerization induced 
self-assembly from the RAFT aqueous dispersion polymerization in which various 
self-assemblies can be selectively obtained by precisely control the solids concentration 
(total weight concentration includes a monomer, an initiator, a macro-CTA).
130 
These 
self-assemblies are kinetically frozen and no post-polymerization is needed. The 
polymerization was proceeded by using poly(2-(methacryloyloxy) 
ethylphosphorylcholine) (PMPC) as a macro-CTA synthesized from the RAFT agent. 
PMCP is high hydrophilic and therefore, suitable for steric stabilizer. The RAFT 
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aqueous dispersion polymerization was then conducted at various solid concentrations 
using 2-hdyroxypropyl methacrylate (HPMA) as a monomer. At 25 wt% of solids 
concentration, the block polymer with selectively in situ spherical latex, worm-like or 
rod-like micelles, and vesicles was obtained as DP of HPMA is varied. Furthermore, in 
the case of PMPC25-b-PHPMA400, by simply changing the solids concentration from 10 
wt% to 25 wt%, spherical, worm-like and vesicle are formed individually s shown in 
Fig. 1-6. Thus, it can be concluded that the polymerization system can obtain in situ 
nanostructure materials in a similar method as those of the low-molecular-weight 
surfactant mentioned above and from the previous method, this method is simple and 
various high order structured can be prepared in one pot. Furthermore, the RAFT 
aqueous polymerization of HPMA by using ethylene glycol methacrylate also shows a 
similar result.  
 
Fig. 1-6. TEM images for PMPC25-b-PHPMA400 diblock copolymer morphologies via the same 
formulation at various polymerization concentration. 
 
After this discovery, research on polymerization induced self-assembly emerged 
rapidly. This includes RAFT aqueous dispersion polymerization in water and organic 
solvents by Armes group,
130,131 
RAFT dispersion polymerization in alcoholic 
media
132,133





polymerization-induced self-assembly can be considered as an effective process to 
prepare highly concentrated block copolymer nano-objects. 
 
1.9 Objectives and outline 
From this background, controlled/living polymerization system is the most versatile 
method in controlling the molecular weight, molecular weight distribution and 
designing polymeric architecture. Therefore, the author becomes interested in 
combining two types of polymerization system, i.e. living cationic polymerization and 
living radical polymerization. The aim of this study is to synthesize a variety of block 
copolymers from radically polymerizable monomer and cationically polymerizable 
monomer. Furthermore, thermoreponsive block copolymers and self-assemblies were 
prepared and examined. The syntheses of various self-assemblies via RAFT aqueous 
dispersion polymerization were also elucidated in this thesis.  
  Chapter 2 focused on the investigation of new chain transfer agent (CTA) in 
controlled/living polymerization. The polymerization was conducted using methyl 
methacrylate (MMA) and styrene (St) were used as monomer and 
2,2’-azobisisobutyronitrile (AIBN) as an initiator in benzene at 60 °C. The transfer 
agent for the system was chosen from the commercially available reagents, haloalkyl 
alcohol as shown in Fig. 1-7, which can easily dissolve into water and conventional 
organic solvents. To study the livingness of the polymer, the monomer addition was also 
investigated. 
 
Fig.1-7. Haloalkyl alcohol 
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Chapter 3 describes the mechanistic transformation involving living cationic 
polymerization and RAFT polymerization using a dicarboxylic RAFT agent, by 
synthesizing a dual thermoresponsive triblock copolymer, poly(2-methoxyethyl vinyl 
ether-block-poly(N-isopropylacrylamide)-block-poly(2-methoxyethyl vinyl ether) 
(PMOVE-b-PNIPAM-b-MOVE) (Fig.1-8). The properties of 
PMOVE-b-PNIPAM-b-PMOVE triblock copolymers in the aqueous solutions were 
examined in detail, focusing on the micelle formation behavior. 
 
Fig. 1-8. Synthesis of ABA triblock copolymer, PMOVE-PNIPAM-PMOVE, via combination of 
living cationic polymerization to RAFT polymerization using a dicarboxylic RAFT agent 
 
Chapter 4 concerns a novel vinyl ether-type RAFT, benzyl 2-(vinyloxy)ethyl 
carbonotrithioate (BVCT) to use for both living cationic polymerization and RAFT 
polymerization (Fig. 1-9). This BVCT is not only functioned as an initiator for living 
cationic polymerization, but also acted as a monomer. Isobutyl vinyl ether (IBVE) and 
2-methoxyethyl vinyl ether (MOVE) was used as cationically polymerizable monomer 
while ethyl acrylate (EA), styrene (St) and N-isopropylacrylamide (NIPAM) was used 
as radically polymerizable monomer. Furthermore, instead of block copolymer, graft 
copolymer was also investigated. To the author’s knowledge, this is the first example of 
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novel vinyl ether-type RAFT, which is able to control molecular weight, molecular 
weight distribution and well-defined block copolymers. The characteristic behaviors of 
PMOVE-b-PNIPAM and PMOVE-g-PNIPAM in aqueous solution were also examined. 
 
Fig. 1-9. Synthesis of block and graft copolymer via combination of living cationic 
polymerization to RAFT polymerization using a vinyl ether type RAFT agent 
 
Chapter 5 describes the synthesis of poly(tert-butyl vinyl ether)-block-poly(vinyl 
acetate) by combination of living cationic polymerization and macromolecular design 
via the interchange of xanthates (MADIX) polymerization using of novel vinyl-ether 
type xanthates having a cationically polymerizable moiety and a xanthathe type of 
RAFT agent (Fig.1-10).  To the best of our knowledge, this is the first example of 
polymerization involving cationic polymerization and MADIX polymerization. The 
study also explained the synthesis of stereoblock copolymer of isotactic PVA-b-atactic 




Fig. 1-10. Synthesis of block copolymer via combination of living cationic polymerization to 
MADIX polymerization using vinyl ether containing xanthate type of RAFT agents and 
synthesis of polyvinyl alcohol stereoblock copolymer via hydrolysis.   
 
Chapter 6 explains the synthesis of various self-assemblies via RAFT aqueous 
dispersion polymerization using poly(ethylene oxide) (PEO) macromolecular RAFT 
agent as a stable steric stabilizer. The RAFT aqueous dispersion polymerization was 
conducted using 2-methoxyethyl acrylate (MEA) and 2-hyroxyypropyl methacrylate 
(HPMA) as a monomer, respectively. By varying the length of hydrophilic group an 
solid contents, various self-assemblies such as spherical, rod like micelle and vesicles 
can be obtained (Fig. 1-11).  
 




  In conclusion, this thesis has demonstrated the precision synthesis involving two 
polymerization mechanisms; living cationic polymerization and RAFT polymerization.  
It is perhaps that this research can contribute to the development of functional polymers.  
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Controlled radical polymerization of methyl methacrylate 




The radical polymerization of methyl methacrylate (MMA) and styrene (St) initiated by 
2,2’-azobis(isobutyronitrile) (AIBN) at 60 °C in the presence of haloalkyl alcohol are 
studied. The influence of structure and concentration of haloalkyl alcohol as a transfer 
agent are investigated. For the radical polymerization of MMA in the presence of large 
amount of 2-bromoethanol, controlled radical polymerization is proceeded. The 
2-bromoethanol is, thus, one of the transfer agents for radical polymerization to control 



















Controlled/living radical polymerization is one of the most effective routes to prepare 
well-defined polymers (e.g. determined molecular weight, narrow distribution, and 
tailored architectures).
1-3 
It is also used in a wide range of fields such as surfactants, 
dispersants, coatings, membranes, adhesives to biomaterials, drug delivery, and 
microelectronics. Since Otsu and coworkers were the first suggested the idea of stable 
radical (persistent radical) for precision polymerization,
4,5
 many kinds of controlled 
radical polymerization have been found, where the most efficient methods were 
nitroxide-mediated polymerization (NMP),
6,7
 atom transfer radical polymerization 
(ATRP),
8-10
 degenerative transfer (DT) polymerization with alkyl iodide,
11-14 
and 
reversible addition-fragmentation chain transfer (RAFT) polymerization.
15,16
 
For NMP and ATRP process, a reversible termination mechanism is used in which 
the propagating radical reacts with the control agent to give a dormant chain. It is 
controlled by the persistent radical effect. In DT and RAFT, the controls of 
polymerization are achieved through degenerative chain transfer typically from 
iodoalkyls and dithioesters. The dormant chain can be transferred into actives chain via 
physical or chemical stimulus. 
In recent years, the DT polymerization used mostly the iodoalkyl compounds as the 
chain transfer agent such as 2-iodofluoropropane, 1-iodo-perfluorohexane, 
1-iodo-1-chloroethane, 1-phenylenyl iodide, methyl-2-iodopropionate, and 
iodoacetonitrile, which are unstable due to weak C-I bond and thus prone to alteration 
upon storage. 
Furthermore, the monomers involving tertiary propagation such as methacrylates was 
not successful because it would require iodoalkyl compounds with a better leaving 
39 
 
group such as ethyl 2-iodo-2-methyl-propionate, although such compounds are 
inherently more unstable. To solve the problems, controlled radical polymerization 
using stable haloalkyl alcohol which can easily dissolve into water and conventional 
organic solvents was investigated. This paper describes about the controlled radical 
polymerization of MMA and St as a monomer using various haloalkyl alcohols as a 
chain transfer.  
 
2. Experimental Section 
2.1 Materials 
MMA and St were purified by distillation under reduced pressure over calcium hydride 
and stored in ampoules prior to use. AIBN (Wako) was recrystallized twice from 
methanol and used as initiator. Benzene was distilled as usual. The haloalkyl alcohols of 
2-iodoethanol (Tokyo Kasei), 2-chloroethanol (Wako), and 2-bromoethanol (Wako) 
were used as received. 
 
2.2 Polymerization Procedures 
MMA/St, benzene and haloalkyl alcohol were added into brown test tube for light 
protection. After three freeze-thaw-pump cycles, the flask was filled with nitrogen and 
sealed. The tubes were finally immersed in an oil bath and heated at the desired 
temperature under stirring. After a certain time, the tube was cooled, opened, and 
diluted with dichloromethane in turn. The product polymer was recovered from organic 
layer by evaporation of the solvents under reduced pressure and vacuum dried overnight. 





The molecular weight of the polymers was measured by size exclusion chromatography 
(SEC) in tetrahydrofuran at 38 °C on two polystyrene gel [TSK gel G-MHHR-M × 2 
(exclusion limit: 4×10
6
 (polystyrene, PSt)); 7.8 mm i.d. × 300 mm each; flow rate 1.0 
mL/min] connected to Tosoh CCPS dual pump and a RI-8011 refractive detector. The 
number-average molecular weight (Mn) and Mw/Mn were calculated from SEC curves on 
the basis of a PSt calibration. 
1
H-NMR spectrum for the structure such as triad tacticity 
ratio of poly(MMA) was recorded on a JEOL JNMEX 500 (500 MHz) spectrometer. 
 
3. Results and discussion 
3.1 Radical polymerization of MMA or St with/without haloalkyl alcohol 
The polymerizations of MMA and St in the presence of haloalkyl alcohol as a chain 
transfer agent under different condition were studied. For comparison, the 
polymerizations without haloalkyl alcohol for these monomers were also examined. The 
polymerization results are summarized in Table 1, Table 2, and Table 3. 
Table 1 shows the results of the conventional radical polymerization of MMA or St in 
the absence of haloalkyl alcohol. Both polymerizations yielded high conversion, and 
common polymers with higher molecular weights and broader molecular weight 
distributions were obtained. Furthermore, the polydispersities among the polymers were 






Table 1. Conventional Radical Polymerization of MMA or St without Haloalkyl Alcohol 
a 
Monomer Time (h) Conv. (%) Mn× 10
-4
 Mw/Mn 
MMA 7 73.6 7.9 1.70 
St 8 20.8 4.5 1.70 
a [St]0 = 5.0 M, [AIBN]0 = 1.0 × 10
-2 M, [additive]0 = 4.0 M in benzene at 60 °C. 
b [additive]0 = 0.1 M. (In the case of 4.0 M, no polym) 
 
Table 2. Polymerization of MMA in the Presence of Haloalkyl Alcohol 
a
 
Additive Conc. [M] Time (h) Conv. (%) Mn× 10
-4
 Mw/Mn 
2-Iodoethanol 4.0 no polym. 
 0.1 2.5 27.5 7.9 1.71 
  5.0 47.4 8.4 1.78 
  10.0 99.1 7.0 1.81 
  22.0 100 5.7 1.93 
2-Chloroethanol 4.0 3.0 50.1 9.2 1.94 
  6.0 80.7 9.5 2.01 
  7.0 86.8 12.5 1.92 
  8.0 100 10.9 2.09 
 0.1 2.5 33.1 13.6 1.46 
  8.0 30.7 10.3 1.64 
  9.0 50.8 17.0 1.52 
2-Bromoethanol 4.0 3.0 15.0 0.7 1.94 
  7.0 39.9 2.2 1.84 
 0.1 2.5 42.3 14.0 1.95 
  22.0 100 30.0 1.98 
a [MMA]0 = 5.0 M, [AIBN]0 = 1.0 × 10














Table 3. Polymerization of St in the Presence of Haloalkyl Alcohol 
a
 
Additive Time (h) Conv. (%) Mn× 10
-4
 Mw/Mn 
2-Iodoethanol 3 7.5 3.7 1.89 
 7 26.1 4.2 1.72 
 24 66.0 5.0 1.68 
 28 70.4 5.1 1.74 
2-Chloroethanol 4 16.8 4.1 1.66 
 8 30.3 5.0 1.66 
 23 51.3 4.9 1.63 
 28 75.0 6.3 1.72 
2-Bromoethanol 3 12.7 5.4 1.57 
 8 25.2 5.5 1.62 
 24 53.2 6.1 1.56 
 30 67.7 5.5 1.67 
a [St]0 = 5.0 M, [AIBN]0 = 1.0 × 10
-2 M, [additive]0 = 4.0 M in benzene at 60 °C. 
b [additive]0 = 0.1 M. (In the case of 4.0 M, no polym) 
 
When 2-iodoethanol (0.1 M) was used as a chain transfer agent, the conversion of 
poly(MMA) was increased with the time but the molecular weight did not increase with 
the conversion, while the molecular weight distribution was still broader (Mw/Mn ~ 1.8) 
as summarized in Table 2. This means that, this polymerization is not a controlled 
radical polymerization but that is called a conventional chain polymerization with 
transfer agent.
17
 On the other hand, a polymerization grew with time for St 
polymerization, unlike MMA polymerization, the molecular weight increased and 
molecular weight distribution became slightly narrow (Mw/Mn ~ 1.7) (see Table 3). On 
the basis of these results, 2-iodoethanol was more effective in St than MMA, although 
the radical could not control sufficiently the polymerization. Furthermore, 2-iodoethanol 
increased the molecular weight in the early period of polymerization. 
When the 2-chloroethanol, which is more electronegative than 2-iodoethanol, was 
used, the polymerization of MMA and St grew with the time as shown in Table 2 and 3. 
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The molecular weight of MMA became higher than before and molecular weight 
distributions became slightly narrow. The similar results were also obtained in St. From 




Figure 1. Polymerization of MMA in the presence of 2-bromoethanol in benzene at 60 °C: 
[MMA]0 = 5.0 M, [AIBN]0 = 1.4 × 10
-2
 M, [2-bromoethanol]0 = 4.0 M. (a) Times-conversion 
curve, (b) Mn-conversion curve. 
 
When a large amount of 2-bromoethanol, which have the property between 2-iodo 
and 2-chloroethanol, was used as a chain transfer agent, the molecular weights could be 
controlled in MMA polymerization. Meanwhile, there was no changed in 
polymerization of St. As a result, 2-bromoethanol was more effective than any other 
chain transfer agents of haloalkyl alcohols. Figure 1 shows (a) the time-conversion 
curve and (b) Mn-conversion curve for the polymerization of MMA with a large amount 
of 2-bromoethanol. Interestingly, the polymerization of MMA occurred without 
induction phase and the Mn of the polymers increased in direct proportion to monomer 
conversion. In a general DT process, a small amount of transfer agent is effective in 
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controlling molecular weights. It is likely that the large amount of 2-bromoethanol was 
needed to control polymerization of MMA, due to intermolecular hydrogen bonding in 
haloalkyl alcohols. Furthermore, the polymerization rate of MMA was faster than that 
shown in Table 2 under different concentration of AIBN. Hence, the concentration of 










Figure 2. Monomer addition experiments for the polymerization of MMA in the presence of 
2-bromoethanol in benzene at 60 °C: [AIBN]0 = 1.0 × 10
-2
 M, [2-bromoethanol]0 = 4.0 M, 
[MMA]0 = 5.0 M, initial MMA/additional MMA = 5.0/3.3 molar ratio. (a) Time-conversion 







3.2 Controlled radical polymerization of MMA with 2-bromoethanol: Monomer 
Addition Experiment 
To investigate the “living” nature of MMA polymerization in the presence of 
2-bromoethanol, a fresh feed of MMA was added to the reaction mixtures. Figure 2 
shows the results of the experiments. The polymerization was not terminated and still 
propagated even after neat MMA addition. Figure 2b shows the relationship between 
Mn or Mw/Mn and the conversion obtained by the SEC measurement before and after 
neat MMA addition. The Mn of the polymers increased in direct proportion to monomer 
conversion. As shown in Figure 2c, the molecular weight distribution was clearly 
shifted toward higher molecular weight. The quantitative formation of the polymers was 
determined by the absence of tailing or oligomer peaks in the lower molecular weight 




H NMR result of poly(MMA) by controlled radical polymerization in the 
presence of 2-bromoethanol 
Typical 
1
H NMR spectrum is shown in Figure 3. From the structure of triad tacticity, 
the structure ratio of isotactics, heterotactics and syndiotactics were I: 0.04, H: 0.35, S: 
0.61, respectively. This reveals that the polymers are prepared by radical fashion. The 
peak α in Figure 3 is a methyl group from AIBN, indicating polymer end groups as the 
initiator. The peaks of an ethylene group from 2-bromoethanol is behind other peaks. 








H NMR spectrum of the obtained poly(MMA) in CDCl3. 
 
4. Conclusion 
In this paper, the new controlled radical polymerization systems of MMA and St 
using haloalkyl alcohol were investigated. Among them, 2-iodoethanol and 
2-chloroethanol could not control the radical polymerization of MMA and St. When 
2-bromoethanol was used as the chain transfer agent for polymerization of MMA, the 
Mn of the polymers increased in direct proportion to monomer conversion, and block 
copolymer (for the same MMA addition experiments) could be obtained. However, this 
transfer agent was not able to control the polymerization of St. 2-bromoethanol could be 
used as one of the transfer agents for radical polymerization to control the molecular 
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Synthesis of dual thermoresponsive ABA triblock copolymers 
by both living cationic vinyl polymerization and RAFT 




To elucidate a difference of micelles formed from AB di- and ABA tri-block copolymers, 
PMOVE-PNIPAM-PMOVE triblock copolymers were synthesized by both living 
cationic polymerization of MOVE and RAFT polymerization of NIPAM using a 
dicarboxylic RAFT agent, where MOVE is 2-methoxyethyl vinyl ether, NIPAM is 
N-isopropylacrylamide. The ABA triblock copolymers consist of cationically 
polymerizable monomer (A), MOVE, and radically polymerizable monomer (B), 
NIPAM. The key to success in the triblock copolymerization is to utilize a dicarboxylic 
RAFT agent/SnBr4 initiation system for living cationic polymerization. The cationic 
polymerization was simultaneously initiated from two protons per one dicarboxylic 
RAFT agent. After the cationic polymerization, the polymerization was quenched and 
then the RAFT carboxylate counter anion was concurrently recovered at ca. 86% 
efficiency, followed by the RAFT polymerization. The resulting 
PMOVE-PNIPAM-PMOVE triblock copolymers contain two thermoresponsive blocks. 
The resulting block copolymers reversibly formed or deformed micellar assemblies in 
water. When the chain length of the core-forming block, PNIPAM, is increased, larger 
micelles were invariably obtained. The triblock micellar size was larger than that of the 
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corresponding diblock micelle. The micelles at the concentrated solution formed 
physical gel, and the minimum gelation concentration of the triblock micelles was lower 

























Block copolymers in selective solvent generally form self-associations, such as 
micelles, vesicles, and toroids.
1-7 
When a solvent dissolves only the outer blocks of ABA 
triblock copolymers, similar association to those of diblock copolymers is formed via 
micelles. While, in a solvent selective to the inner blocks, flower micelles or physical 
networks are formed.
8
 Such polymeric nanostructures offer many applications as 
surfactants, dispersants, templates, coatings, elastomers, nanomedicine etc.
9-12
 These 
syntheses always attract many researchers’ interest.  
Such block copolymers are generally synthesized by living or controlled polymerization 
via sequential addition technique of monomers through the same propagating species. 
For example, block copolymers including poly(vinyl ether) segments are usually 
composed solely of vinyl ethers. As far as the author aware, except for the related 
results,
13,14
 only a few block copolymers and a graft copolymer have been reported such 
as (i) poly(methyl vinyl ether)-block-polyacrylates, -poly(acrylic acid), or -polystyrene 
(PSt),
15
 (ii) graft copolymers from poly(isobutyl vinyl ether) (PIBVE) 
macromonomers,
16
 (iii) polyisobutylene (PIB)-based block and star copolymers,
17,18
 (iv) 
poly(vinyl ether)-based block copolymers prepared by the transformation of 
organotelluriummediated living radical polymerization to cationic polymerization,
19,20 
and (v) poly(isobutyl vinyl ether)-based block copolymers prepared by reversible 
addition fragmentation chain transfer (RAFT) polymerization
21-24
 to living cationic 
polymerization.
25
 However, even for the block copolymers composed solely of vinyl 
ethers by living cationic polymerization, various functional block copolymers have been 
reported.
26,27
 Hence, it proves to be further promising to investigate the multimode 
polymerization including poly(vinyl ether) capable of possessing various chain 
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assortments obtained by different propagating mechanisms. However, the poly(vinyl 




Recently, a novel method to prepare the block copolymers of poly(vinyl ether)s and 
radically polymerizable monomers, such as acrylates, acrylamides, and styrenes with a 
well-defined structure and a controlled molecular weight by combination of two 
different polymerization mechanisms; living cationic polymerization and RAFT 
polymerization has been reported.
14
 However, they are based on monofunctional 
initiators using monocarboxylic RAFT agents (typical structure: RAFT agent 2 in 
Scheme 1), and the product copolymers were AB diblock copolymers.  
 
 
Scheme 1. Mono- and dicarboxylic RAFT agents. 
 
In this study, the synthesis of ABA type triblock copolymers by combination of two 
different polymerization mechanisms: living cationic polymerization and RAFT 
polymerization using dicarboxylic RAFT agent 1, as shown in Scheme 2 was reported. 
The process directly utilizes the counter anion mediated by living cationic 
polymerization initiated from two proton generated by one dicarboxyl RAFT agent 1. 
Thus, the two-step polymerization can produces novel ABA triblock copolymers, 
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strictly speaking, the ABBA triblock copolymer. To realize a difference of micelles 
formed from AB di- and ABA tri-block copolymers, novel double thermoresponsive 
triblock copolymers using 2-methoxyethyl vinyl ether (MOVE) and 
N-isopropylacrylamide (NIPAM) were synthesized. The properties of the aqueous 
solutions of PMOVE-PNIPAM-PMOVE triblock copolymers were examined in detail, 
focusing on the micelle formation behavior, because such block copolymers form the 
micellar assemblies in water between the lower critical solution temperatures (LCSTs) 




respectively. In particular, this article describes the micellar sizes and the physical 
gelation concentrations of PMOVE-PNIPAM-PMOVE triblock copolymers in water, 
which are different from PMOVE-PNIPAM diblock copolymers. 
 
Scheme 2. Synthesis of ABA triblock copolymer, PMOVE-PNIPAM-PMOVE, via combination 





MOVE (kindly donated by Maruzen Petrochemical; >99%) for  cationic 
polymerization was washed with aqueous alkaline solution and then with water. The 
monomer was distilled twice over calcium hydride and was stored in a brown ampule 
under dry nitrogen in refrigerator. For solvent, toluene (Wako; >99.5%) was washed by 
the usual method and then was distilled over calcium hydride just before use. This 
solvent was also used for RAFT polymerization. Ethyl acetate (Wako; >99.5%) was 
distilled twice over calcium hydride and was stored in a brown ampule under dry 
nitrogen. For SnBr4, 1.0 M stock solutions in dried toluene were prepared from 
anhydrous solid of SnBr4 (Aldrich; >99%). NIPAM monomer was recrystallized with 
benzene/hexane (3/7 v/v) and dried in vacuo. The initiator, azobisisobutyronitrile 
(AIBN) was recrystallized from diethyl ether and stored in refrigerator. Mono and 
di-carboxylic RAFT agents, 1 and 2, were synthesized according to a literature protocol 
[35]. 
 
2.2. Polymerization procedures 
Cationic polymerization was carried out at 0 °C under a dry nitrogen atmosphere in a 
glass tube equipped with a three-way stopcock baked at 250 °C for 10 min before use. 
First, carboxylic RAFT agent was added into the glass tube and was dried in vacuo. The 
dicarboxylic RAFT agent 1 was diluted to 50 mM in ethyl acetate just before use. 
Toluene (3.55 mL), ethyl acetate (0.5 mL), MOVE (0.40 mL, 3.5 mmol), and 50mM of 
the RAFT agent 1 in ethyl acetate (0.50 mL) were added into the glass tube using dry 
medical syringes, successively. The polymerization was initiated by the addition of a 
56 
 
prechilled 5.0 mM SnBr4 solution (0.50 mL) in toluene at 0 °C: [MOVE]0 = 0.70 M, 
[1]0 = 5.0 mM, [SnBr4]0 = 0.5 mM, [ethyl acetate] = 1.0 M. (For a PMOVE-PNIPAM 
diblock copolymer, see the protocol in the Ref. [14]). After the desired time, the glass 
tube was cooled off under -40 °C and the equilibrium of the reaction was displaced to 
dormant species. Then, the reaction was terminated with prechilled methanol (3 mL). 
The quenched mixture was diluted in dichloromethane and was successively washed 
with water to remove the initiator residues, i.e. dicarboxylic RAFT agents. The volatiles 
were then removed under reduced pressure, and the residue was vacuum-dried for a half 
day at room temperature. The monomer conversion was determined by gravimetry. The 
PMOVE macro-chain transfer agent (macro-CTA) obtained by living cationic 
polymerization was mixed with AIBN and varying amount of radically polymerizable 
monomer, NIPAM, and dried toluene (5.0 wt% monomer concentration in toluene) in 
Schlenk flask, which was equipped with a magnetic stir bar. The typical contents for the 
polymerization of NIPAM are as follows: [NIPAM]0/[PMOVE macro-CTA]0/[AIBN]0 = 
58-200:1:0.2 M ratios. These solutions were stirred in an ice-bath until all reagents had 
dissolved. After sparging with nitrogen for approximately 30 min, each polymerization 
was allowed to proceed at 70 °C and then quenched after the desired time via rapid 
cooling in -40 °C and exposure to air. The reaction mixture was then diluted by 
chloroform and then the volatiles were removed under reduced pressure. The residue 
was vacuum-dried for a day at room temperature and the conversion, and the following 
polymer characterization of resulting polymer in organic solution was determined. The 
product was further purified by dialysis against deionized water using semi-permeable 
cellulose tubing (SPECTRA/POR, corresponding to a molecular weight cut-off of 1000 
Da) with at least six changes of deionized water, followed by lyophilization. 
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2.3. Acidolysis of polymers 
A purified polymer (0.24 g) was dissolved in acetone (30 mL) at 20 °C, and conc. 
HCl (12 M, 0.5 mL) was added. The mixture was stirred at the temperature for 1 h, and 
then methanol (10 mL) was added into it. The mixtures were neutralized using NaHCO3 
and the insoluble residues were filtered off. After evaporating part of the organic solvent, 
the product polymers were dissolved in pure water and then purified by dialysis against 
deionized water using semipermeable cellulose tubing (SPECTRA/POR, corresponding 
to a molecular weight cut-off of 1000 Da) with at least six changes of deionized water, 
followed by lyophilization.  
 
2.4. Polymer characterization 
Molecular weight distributions were assessed by size exclusion chromatography 
(SEC) in N, N’-dimethylformamide (DMF) with 10 mM LiBr at 40 °C using a two PSt 
gel columns [TSKgel GMHHR-M × 2; 7.8 mm i.d ×300 mm each; flow rate 1.0 mL/min] 
connected to a Tosoh CCPM-II pump and an RI-8012 and UV-8000 for refractive index 
and UV detector, respectively. Mn and Mw/Mn were calculated from SEC curves on the 
basis of a PSt calibration. For the kinetics of PMOVE synthesis, SEC in tetrahydrofuran 
(THF) was utilized at 40 °C with three polystyrene gel columns [TSKgel GMHHR-M × 
3; 7.8 mm i.d ×300 mm each; flow rate 1.0 mL/min] connected to a Tosoh CCPM-II 
pump and an RI-8020 and UV-8020 for refractive index and UV detector, respectively. 
1
H NMR spectra for the structure to determine the CTA efficiency of the RAFT agent 
and the compositions of block copolymers were recorded on either JEOL JNM-EX300 
(300 MHz) or JEOL JNM-EX500 spectrometer (500 MHz). Matrix-assisted laser 
desorption ionization time-of-flight mass (MALDI-TOF-MS) spectra were recorded 
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using a Bruker Daltonics autoflex spectrometer (linear mode) using dithranol as the 
matrix and sodium trifluoroacetate as the ion source (polymer sample/dithranol/sodium 
trifluoroacetate = 1/8/1 weight ratio) [36].  
   
2.5. Characterization of aqueous block copolymer solutions 
Aqueous solutions of the triblock copolymers were prepared by dissolving the 
polymer in Milli-Q water and diluting the sample to those at a desired concentration. 
The thermoresponsive behavior of the solutions (0.1 wt%) was measured by monitoring 
the absorbance of a 500 nm light beam through a 1.0 cm glass sample cell at a rate of 
1.0 °C/min in heating and cooling scans between 15 and 85 °C. The transmittance was 
recorded on a JASCO V-500 UV/vis spectrometer equipped with a Peltier-type 
thermostatic cell holder ETC-505. DSC measurements (0.5 wt%) were performed using 
a Micro Calorimetry System (MicroCal) at a rate of 1.0 °C/min in heating and cooling 
scans between 20 and 80 °C. The triblock copolymer sample dissolved in water (0.5 
wt%) was degassed and transferred to the sample cell (cell volume: 1.22 mL) with a 
syringe. An identical volume of the solvent of the same composition was placed in the 
reference cell. Dynamic light scattering (DLS) studies were performed by means of an 
FPAR-1000 photometer using fiber optics (Photal, Otsuka Electronics) at various 
temperatures. The light source was a semiconductor laser (= 632.8 nm), and 
correlation function for each solution was obtained at 90°.The hydrodynamic diameter 
(Dh) and polydispersity (PDI, 2/
2
, at 0.05 wt%) were calculated by cumulants analysis 
of the experimental correlation function using the attached software of the FPAR-1000 
photometer. For Dh, as the mutual diffusion coefficients Dm is not only depends on the 
dimension of polymer chains, but also on the temperature T and the viscosity of solvents 
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0. The Dh at each temperature was determined by the inverse of average apparent 
hydrodynamic diameter ( 1apph,
D )  defined as follows, was plotting against the mass 
concentration (cp) of polymer to extrapolating the mutual diffusion coefficients to 


















  (1) 
where kB, D0, and kD,, are Boltzmann constant, limiting diffusion coefficient, and the 
concentration coefficient of diffusion coefficient, respectively. The physical gelation 
temperature was determined by the test-tube tilting method at the desired 
concentration.
8
 The aqueous solution at a different concentration was made by taking 
Milli-Q water and an appropriate amount of polymer product in a 1.0 cm glass sample 
cell at 20 °C. The temperature was controlled by means of Peltier-type thermostatic cell 
holder ETC- 505 (JASCO). 
 
3. Results and discussion 
3.1. Synthesis of PMOVE macro-CTAs 
In the recent work,
14
 monocarboxylic RAFT agent 2 (see, structure in Scheme 1) as 
an initiator was employed, which has been shown effective for living cationic 
polymerization of MOVE using SnBr4 in the presence of ethyl acetate and also suitable 
for the subsequent RAFT polymerization as a macro-CTA. Although the living 
polymers can be obtained with RAFT agent 2/SnBr4 initiating system in the presence of 
ethyl acetate in toluene at 0 °C, the cationic polymerization using RAFT agent 1 has 




Fig. 1A shows the time-conversion curve for the cationic polymerization of MOVE 
using RAFT agent 1/SnBr4 in toluene in the presence of ethyl acetate. The 
polymerization occurred without induction period, and the conversion of MOVE 
reached over 80% about 150 min to afford soluble polymers. 
Fig. 1B plots Mn and Mw/Mn of the product polymers as a function of monomer 
conversion. The Mn is increased in direct proportion to monomer conversion. 
Furthermore, the values of Mn are close to the calculated values assuming that one 
polymer chain is formed per one carboxyl group on RAFT agent, and that two polymer 
ends are recovered to the RAFT group as a counter anion as shown in Scheme 2. The 
Mw/Mn of the resulting polymers detected by SEC using RI detector were 1.38-1.69 at 
22-83% conversion as plotted in Fig. 1B. The typical SEC curves are shown in Fig. 1C. 
The SEC chromatogram was also detected by UV at 308 nm. The typical result is shown 
at the same position as RI detection, indicating the existence of the RAFT terminal 
group in the resulting polymers. The wavelength of 308 nm is around the maximum 







Fig. 1. Cationic polymerization of MOVE using RAFT agent 1 with SnBr4 in toluene in the 
presence of ethyl acetate at 0 °C: [MOVE]0 = 0.70 M, [ethyl acetate] = 1.0 M. [RAFT agent 1]0 
= 5.0 mM, [SnBr4]0 = 5.0 mM. (A) Kinetic plots, (B) evaluation of Mn (●) and Mw/Mn (○) with 
conversion, and (C) the representative SEC curves for the resulting PMOVE. Black curves are 
by refractive index and dashed curve is by UV at 308 nm. 
 
Fig. 2 shows the 
1
H NMR spectrum of the resulting PMOVE (Mn = 3300, Mw/Mn = 
1.69). The PMOVE exhibited the signals ascribed to the methyl protons due to the 
initiator (i.e. both ends) (a), the methine proton of hemiacetal (g), the methyl protons 
adjacent to the trithiocarbonate (h), and protons due to PMOVE repeating units (b-f). 
For a CTA efficiency of 100%, the methyl protons (a)/the methane proton of 
hemiacetal ester (g) molar ratio should be 6:2, or 3:1. Experimentally, a molar ratio of 
3:0.88 was determined at the conversion of 22%, which indicates a CTA efficiency of 
88%. This is equivalent to the Fn calculated for RAFT agent 2.
14
 In addition, a small 
peak i appeared around 4.8 ppm. This is assignable to the methine proton of the terminal 
acetate that arises on quenching the polymerization with methanol. The peak intensity 
ratio of the methine protons g and i is 0.88:0.13, which indicates a CTA efficiency of 
87%. It is also in good agreement with the calculated value expected by the ratio of the 
methyl protons (a)/the methine proton of hemiacetal (g). Thus, using this dicarboxylic 
RAFT agent 1/SnBr4 initiating system in the presence of ethyl acetate, the 
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H NMR spectrum in CDCl3 for PMOVE macro-CTA (Mn = 3300, Mw/Mn = 1.69(by 
SEC, THF eluent), conversion = 22 %) prepared by living cationic polymerization from RAFT 
agent 1: see Figure 1 for the polymerization condition. The inset shows the estimated chemical 
structure of the PMOVE macro-CTA with full peak assignments. 
 
Next, MALDI-TOF-MS spectrometry analysis for the same PMOVE macro-CTA was 
conducted as shown in Fig. 3. The estimated chemical structures for each peak are 
summarized in Scheme 3. The spectrum consisted of 4 kinds of major peaks, each 
separated by approximately 102.1 mass units, which is the formula weight of the 
MOVE repeat unit (102.13). The major peak a in the spectrum corresponds to: 
H-(MOVE)n-CH=CH(OCH2CH2OCH3); consistent with the polymer being capped with 
the olefin. For n = 26 in the structure, one of the experimental signals, 2779.6 g/mol, fits 
the calculated molecular weight with Na
+
 (2780.5 g/mol, n = 26). The distance between 
individual peaks (e.g. difference between a and a’) of 102.1 mass units is also 
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corresponding to the molar mass of the MOVE repeating unit. 
  Our targeted PMOVE macro-CTA prepared from RAFT agent 1 contains hemiacetal 
esters as a relatively weak covalent bond in our MALDI-TOF-MS measuring condition. 
Such weakly bonded groups are often cleaved in the MALDI experimental process as 
well as poly(isobutyl vinyl ether) prepared from RAFT agent 2.
14
 If -proton 
elimination from the growing cation is occurred and then the reaction generates a proton, 




H NMR indicates that the signal due to methine proton derived from a RAFT middle 
group was seen at a high functionality (≥ 87% by 1H NMR spectroscopy) as shown in 
Fig. 2. Thus, the structure is formed in the decomposition of hemiacetal esters during 
MALDI experimental process. 
The peak b values agreed with the calculated mass of our targeted PMOVE with 
RAFT agent 1; one of the experimental signals (2957.8 g/mol) fits the calculated 
molecular weight with Na
+ 
(2960.8 g/mol, n = 13). The distance between individual 
peaks is also corresponding to the molar mass of the MOVE repeating unit. 
The other peaks are due to quenching by methanol containing a very small amount of 
water. The peak c (2811.7 g/mol) corresponds to the terminal quenched by methanol 
(2812.5 g/mol, n = 27) and the peak d (2823.7 g/mol) is ascribed to the terminal 
quenched by water and then dealcoholized to create 2-methoxyethanol (2824.6 g/mol, n 
= 27). On the basis of these results, all 4 major peaks were defined. Using the same kind 
of peaks, i.e. structures a (n = 26), b (n = 27), c (n = 27), and d (n = 26) in Scheme 3, 
the CTA efficiency was calculated to be approximately 86% by means of 
MALDI-TOF-MS. The value is in good agreement with that calculated from 
1
H NMR 
spectroscopy (87%). As shown here, living cationic polymerization of vinyl ethers 
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initiated from RAFT agent 1 with SnBr4 in the presence of ethyl acetate, produced the 
PMOVE possessing the middle RAFT group recovered from the counter anion.  
 
 
Fig. 3. (A) MALDI-TOF-MS spectrum of PMOVE macro-CTA: the sample is the same as that 
in Figure 2. (B) Expanded region of the spectrum (A). The peaks are labeled with their 
measured average molecular weights (the detailed chemical structures, see Scheme 3). The 





Scheme 3. Detailed chemical structures for the products detected by MALDI-TOF-MS 
spectrum in Figure 3. 
 
3.2. Synthesis of double thermoresponsive block copolymers by RAFT 
polymerization 
Once the CTA-functionalized PMOVE was obtained, RAFT polymerizations were 
subsequently conducted for the synthesis of a double thermoresponsive block 
copolymer between PMOVE macro-CTA and radically polymerizable monomer, 
NIPAM. 
The typical kinetic study of the polymerization of NIPAM was conducted in toluene 
at 70 °C using the PMOVE macro-CTA with molar ratio 
[NIPAM]0/[PMOVE]0/[AIBN]0 = 58: 1: 0.2, monitored by both 
1
H NMR spectroscopy 
and SEC. The polymerization allows us to prepare PMOVE-PNIPAM-PMOVE triblock 
copolymers. Fig. 4A shows the time-conversion curve of the polymerization of NIPAM 
using PMOVE macro-CTA. The polymerization proceeded smoothly and the RAFT 
polymerizations exhibited linear first-order plots, indicating an approximately constant 
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number of growing species. The Mn was increased linearly with the monomer 
conversion as shown in Fig. 4B. Fig. 5 shows the SEC curves during the synthesis of 
PMOVE-PNIPAM-PMOVE triblock copolymer using PMOVE macro-CTA. The SEC 
curves are clearly shifted toward higher molecular weights as compared to the PMOVE 
macro-CTA, which are shown as Fig. 5C relative to Fig. 5A. This is indicated that the 
CTA efficiency is enough high. However, the values of Mw/Mn for the triblock 
copolymer are somewhat larger than that for the corresponding PMOVE macro-CTA. 
This may be due to the CTA efficiency of 86-88% via living cationic polymerization 
because apparent block efficiency roughly corresponds to the CTA efficiency.  
 
 
Fig. 4. RAFT polymerization of NIPAM using the resulting PMOVE macro-CTA [Mn = 8500, 
Mw/Mn = 1.53 (entry 3 in Table 1, corresponding to conversion = 83 % in Figure 1)] in toluene 
at 70 °C: [NIPAM]0/[PMOVE]0/[AIBN]0 = 58 : 1 : 0.2. (A) Kinetic plots and (B) evaluation of 




To determine the detailed structure, the resulting PMOVE-PNIPAM-PMOVE triblock 
copolymer and the corresponding PMOVE macro-CTA were decomposed by acidolysis. 
Although hemiacetal ester moieties are stable under neutral or basic conditions, they can 
be hydrolyzed under strong acidic conditions.
38 
Since the PMOVE-PNIPAM-PMOVE 
triblock copolymer has two hemiacetal ester bonds in the structure, the acidolysis was 
conducted by concentrated hydrochloric acid. 
The curves (A) and (B) in Fig. 5 are the PMOVE macro-CTA and the decomposed 
products, respectively. The Mn of PMOVE macro-CTA is about twice as large as that of 
the decomposed products. Furthermore, the value of Mw/Mn after decomposition is close 
to that of PMOVE macro-CTA with monomodal distribution. These facts indicate that 
the cationic polymerization was concurrently initiated from the both protons on 
dicarboxylic RAFT agent 1 at the same rate. Likewise, the SEC curves (C) and (D) 
show PMOVE-PNIPAM-PMOVE triblock copolymer and the decomposed products, 
respectively. The value of Mn shifted towards higher molecular weights relative to the 
PMOVE macro-CTA. However, the SEC curve for the decomposed products was 
shifted towards lower molecular weight and showed broader peaks. The curve (D) was 
divided into two peaks by multi-peak fitting, and the peaks P1 and P2 corresponded to 
PNIPAM homopolymer in the middle block of triblock copolymer and the decomposed 




Fig. 5. GPC curves before and after acidolysis by conc. HCl for both PMOVE macro-CTA and 
PMOVE-PNIPAM-PMOVE triblock copolymer. (A) PMOVE macro-CTA, (B) decomposed 
product of PMOVE macro-CTA (A), (C) PMOVE-PNIPAM-PMOVE triblock copolymer, (D) 
decomposed product of PMOVE-PNIPAM-PMOVE triblock copolymer (C), (E) RAFT agent 1 
indicated by an arrow. These are obtained by RI using SEC (DMF eluent with 10 mM LiBr). 
 
The resulting PMOVE-PNIPAM-PMOVE triblock copolymers are readily soluble in 
D2O at 20 °C Thus, compositions of the triblock copolymer were determined by 
1
H 
NMR spectroscopy (see Fig. 6A as a typical example). The observed compositions were 
in agreement with the monomer feed ratio of NIPAM-PMOVE macro-CTA in the 
formula in Table 1, which were calculated from the characteristic peak intensities due to 
the methyl protons of PMOVE and PNIPAM (peak f and peak j in Fig. 6A, respectively), 
assuming that the block efficiency is 100% and that the mean degree of polymerization 
for the PMOVE macro-CTA is 53. In addition to the composition, the Mn and Mw/Mn 
values of the product triblock copolymers, including a PMOVE-PNIPAM diblock 
69 
 
copolymer, are summarized in Table 1. 
 
Table 1. The resulting di- and triblock copolymers and the PMOVE Macro-CTAs 







1 2 MOVE61  4200 1.54 
2 2 MOVE61-NIPAM90 10500 1.31 
3 1 MOVE116  8500 1.43 
4 1 MOVE58-NIPAM48-MOVE58 17200 1.58 
5 1 MOVE58-NIPAM90-MOVE58 19900 1.58 
6 1 MOVE58-NIPAM170-MOVE58 22000 1.58 
a The degree of polymerization (DP) in the formula was determined by 1H NMR spectroscopy. 
b Determined by SEC (PSt calibration; DMF eluent with 10 mM LiBr) 
 
Our recent study demonstrated that PMOVE-PNIPAM diblock copolymers exhibited 
a reversible unimer-micelle-precipitation transition in water and sol-gel-precipitation 
transition in concentrated water.
14
 Here, the properties of aqueous solutions of 
PMOVE-PNIPAM-PMOVE triblock copolymers are examined with respect to such a 
reversible transition. 
Fig. 6 shows the 
1
H NMR spectra of PMOVE-PNIPAM-PMOVE triblock copolymer 
in D2O at two different temperatures of 25 and 50 °C. At 25 °C, all the signals 
corresponding to each of the two blocks were well resolved, and their characteristic 
signals f and j appeared. While, at 50 °C, all these signals were merely shifted 
downfield relative to HDO, and the signal j broaden, whereas signal f maintained its 
sharpness. This indicates that PNIPAM-core micelles are formed in water at the 
temperature. Above ca. 64 °C, the polymer was precipitated from water. This 





Fig. 6. Typical 
1
H NMR spectra recorded for MOVE58-NIPAM170-MOVE58 triblock copolymer 
(Table 1, entry 6) in D2O at (A) 25 °C and (B) 50 °C using HDO signal (4.64 ppm) as the 
standard (polymer: 1.0 wt %). The inset shows the chemical structure of the triblock copolymer 
with full peak assignments. 
 
The temperature dependence of absorbance at 500 nm and differential scanning 
calorimetry (DSC) were measured for aqueous solution of PMOVE-PNIPAM-PMOVE 
triblock copolymer (Table 1, entry 6), as shown in Fig. 7. The result of both 
measurements indicated that two transitions occurred with increasing temperature 
around 31.8 (T1) and 64.7 °C (T2) corresponding to the LCSTs (to be more precise, they 
should be mentioned as temperatures of phase separation) of each block. Furthermore, 
dynamic light scattering (DLS) was utilized to study three PMOVE-PNIPAM-PMOVE 
triblock copolymers (Table 1, entries 4e6) dissolved in water, as shown in Fig. 8. The 
hydrodynamic diameters (Dh) at various temperatures were determined by the inverse of 
average apparent hydrodynamic diameter which were plotted against the mass 
concentration of polymer to extrapolating the mutual diffusion coefficients to infinite 
dilution state (eq. (1)). 
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Below the LCST of PNIPAM (32 °C), this copolymer is molecularly dissolved and 
shows a Dh of around 10-20 nm, a relatively high polydispersity (2/
2
), and a low 
scattering intensity. Above 32 °C, the Dh was increased sharply and indicated by the 
slightly opaque appearance that is characteristic of micellar solutions. On further 
heating to approximately 64 °C, close to the LCST of PMOVE, the polymer precipitated 
completely. However, the temperature is lower than the LCST of homo-PMOVE (66 
o
C 
[28-30]). This may be due to hydrophobic effect of PNIPAM, adjacent to PMOVE. On 
the basis of these results, above 32 °C, the middle block PNIPAM was dehydrated and 
become micelle. The micelle formation was observed as a reversible transition. As the 
mean degree of polymerization of the PNIPAM block was increased from 48 to 170 
(Table 1, entries 4-6), the micellar Dh increased from 96 to 200 nm at 46 °C. Thus, 
larger micelles are invariably obtained when the chain length of the core-forming block 
is increased. This fact is also well-documented in the case of another micelles formed 
by diblock copolymers.
14,34,39,40
 However, the sizes for triblock copolymer were larger 
than that of the corresponding diblock copolymer. The other assemblies such as 
nonspherical micelles or vesicles may be formed instead of the somewhat large micelles. 
However, as far as the author aware, there has not been reported on the following 





Fig. 7. Temperature dependence of the absorbance at 500 nm (0.1 wt%) and DSC thermogram 
(0.5 wt%) of aqueous solution of MOVE58-NIPAM170-MOVE58 triblock copolymer (entry 6 in 
Table 1): heating and cooling rate 1.0 °C/min, heating (―) and cooling (···). The inset values 
are transition temperatures (T1 and T2) and their heats of transition (H1 and H2). 
 
Fig. 8. Temperature dependence of hydrodynamic diameter (Dh) for 
MOVE58-NIPAM2m-MOVE58 triblock copolymers (2m = 48, 90, and 170, entries 4-6 in Table 1) 
in water and the representative PDI (2/
2
) for 0.05 wt% MOVE58-NIPAM170-MOVE58 triblock 
copolymer in water. 
 
To verify the difference between diblock and triblock micelles with PNIPAM-core, 
the gelation concentration and temperature were measured. The physical gelation is 
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usually induced at concentrated solution and due to the formation of macrolattice 
(packing) of micelles.
30,41
 Fig. 9 shows the phase diagram for diblock 
(NIPAM61-MOVE90, entry 3 in Table 1) and triblock copolymer 
(MOVE58-NIPAM90-MOVE58, entry 5 in Table 1) water system. The gel region became 
narrower with decreasing polymer concentration, although the transition temperatures 
corresponded to the LCSTs of each block. The micelles are formed over the lower 
LCST range as mentioned above. However, weak interactions between the micelles may 
prevent orderly arrangements into physical gel in dilute solution. In practice, the Dh of 
triblock micelles is larger than that of the corresponding diblock micelles. Thus, the 
minimum gelation concentration of the triblock micelle (13 wt%) is lower than that of 
the diblock micelle (18 wt%). 
 
 
Fig. 9. Phase behavior in water for MOVE58-NIPAM90-MOVE58 triblock copolymer (Table 1, 






Living cationic polymerization of MOVE via bifunctional initiator using dicarboxylic 
RAFT agent was achieved. This polymer (macro-CTA) was then synthesized to produce 
a novel double thermoresponsive polymer of ABA triblock copolymer, 
PMOVE-PNIPAM-PMOVE. The PMOVE macro-CTA was first prepared by living 
cationic polymerization using a RAFT agent of the dicarboxylic trithiocarbonate/SnBr4 
initiation system in the presence of ethyl acetate. The living cationic polymerization was 
simultaneously initiated from two protons per one dicarboxylic RAFT agent with the ca. 
86% CTA efficiency. After the cationic polymerization, the polymerization was 
quenched and then the RAFT group as a counter anion was concurrently recovered, 
followed by the RAFT process of radical polymerization using AIBN at 70 °C. The 
RAFT polymerization progressed smoothly and the resulting 
PMOVE-PNIPAM-PMOVE was successfully obtained. All polymerization behavior 
was confirmed by various measurements. The resulting triblock copolymers reversibly 
formed or deformed micellar assemblies inwater during two LCSTs. When the chain 
length of the core-forming block, PNIPAM, is increased, larger micelles are invariably 
obtained. Furthermore, the micellar sizes of MOVE53-NIPAM90-MOVE53 were larger 
than that of the corresponding diblock copolymer, MOVE53-NIPAM90.  The micelles at 
the concentrated solution formed physical gel and the minimum gelation concentration 
of the triblock micelle (13 wt%) is lower than that of the diblock micelle (18 wt%) due 
to the different micellar size (triblock: 167 nm vs. 106 nm). 
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Synthesis of thermoresponsive block and graft copolymers via 
the combination of living cationic polymerization and RAFT 




A novel vinyl ether-type RAFT agent, benzyl 2-(vinyloxy)ethyl carbonotrithioate 
(BVCT) was synthesized for various block copolymers via the combination of living 
cationic polymerization of vinyl ethers and reversible addition fragmentation chain 
transfer (RAFT) polymerization. The novel BVCT-trifluoroacetic acid adduct play an 
important role to produce well-defined block copolymers, which is both as a cationogen 
under EtAlCl2 initiation system in the presence of ethyl acetate for living cationic 
polymerization and a RAFT agent for blocks by RAFT polymerization. The resulting 
polymer, poly(vinyl ether)s, by living cationic polymerization had a high number 
average -end functionality (≥ 0.9) as determined by both 1H NMR and 
MALDI-TOF-MS spectrometry. In addition, this poly(vinyl ether)s worked well as a 
macromolecular chain transfer agent for RAFT polymerization. The RAFT 
polymerization of radically polymerizable monomers was conducted in toluene using 
2,2’-azobis(isobutyronitrile) at 70 °C. For example, a double thermoresponsive block 
copolymer (MOVE61−b-NIPAM150) consisting of 2-methoxyethyl vinyl ether (MOVE) 
and N-isopropylacrylamide (NIPAM) was prepared via the combination of living 
cationic polymerization and RAFT polymerization. The block copolymer reversibly 
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formed and deformed micellar assemblies above the phase separation temperature (Tps)  
of poly(NIPAM) block in water. This BVCT is not only functioned as an initiator, but 
also acted as a monomer. When BVCT was copolymerized with MOVE by living 
cationic polymerization, followed by graft copolymerization with NIPAM via RAFT 
polymerization, well-defined graft copolymers MOVEn-co-BVCTm)-g-NIPAMx (n = 
62-73, m = 1-9, x = 19-214) were successfully obtained. However, no micelle formed in 





















  Block copolymers are macromolecules consisting of different blocks, which are 
generally prepared effectively by precision polymerization after the discovery by 
Michael Szwarc 50 years ago.
1,2
 Block copolymers can be synthesized by adding the 
second monomer sequentially into the first living polymer.
3
 The control of chain length 
and the sequence for each of the blocks during synthesis give a different function for the 
polymer such as stimuli responsive micelles and gels.
4
 However, these techniques have 
only a limited monomer that is capable of synthesizing through the same propagating 
species. Recent development of precision polymerization allows us to combine multiple 
polymerization fashions and to prepare various block copolymers.
5,6
 For example, 
poly(vinyl ether)s are difficult to synthesize in radical polymerization while acrylics and 
acrylamides cannot be cationically polymerized. Thus, an effective and successful 
transformation from cationic to radical or another way around should be approached to 
synthesize block copolymers.  
The mechanistic transformation involving living and controlled polymerization has 
attracted many researchers’ interest. Examples include synthesis of block copolymers of 
polystyrene (PSt) and either poly(methyl acrylate) or poly(methyl methacrylate) using 
living cationic polymerization and atom transfer radical polymerization (ATRP) first.
7
 
Synthesis of other polymer architectures including graft copolymers from poly(vinyl 
ether) macromonomer,
8
 polyisobutylene-based block copolymers
9
 and miktoarmstar 
copolymers,
10
 hybrid block copolymers with poly(vinyl ether) blocks via 
organoheteroatom-mediated living radical to cationic polymerization
11,12
 has been 
reported. In particular, transformation of living cationic to RAFT polymerization
13
 and 




were earlier works on the combination of the living cationic polymerization and RAFT 
polymerization. As indicated here, there are a variety of transformation or combination 
strategies, which proves to be encouraging and necessary for the design of various block 
copolymers. 
In the recent years, some methods to prepare well-defined block copolymers between 
vinyl ethers and other monomers such as acrylates, styrenes and acrylamides, and 
controlled molecular weight involving two mechanism polymerizations, such as living 
cationic polymerization and RAFT polymerization have been reported, as explained in 
Chapter 3.
16-19
 For the combination of living cationic polymerization and RAFT 
polymerization, the cationic polymerization of vinyl ether is initiated from a proton 
derived from the carboxylic RAFT agents and then the polymerization progressed 
smoothly under SnBr4 initiation system in the presence of an additive such as ethyl 
acetate and 1,4-dioxane. When the polymerization is quenched after the propagation of 
living cationic polymerization, the RAFT group as a counteranion was concurrently 
recovered, followed by the RAFT polymerization of radically polymerizable monomers 
using 2,2’-azobis(isobutyronitrile) (AIBN) at 70 °C to prepare the block copolymers. 
Furthermore, using this hybrid polymerization, ABA block copolymers using the 
dicarboxylic RAFT agent were also successfully synthesized. In fact, these chain 
transfer agent (CTA) efficiencies for RAFT process are approximately 80%, which 
correspond almost to their end-functionalities of used macro-CTAs, poly(vinyl ether)s. 
However, they were sufficient to prepare the block copolymers between a cationically 
polymerizable monomer and a radically polymerizable monomer. 
Such a macro-CTA with high end-functionality is required to synthesize well-defined 
block copolymers via RAFT process and to achieve a good control of their molecular 
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weights. Although the block copolymers were successfully obtained using mono and 
dicarboxylic RAFT agents, they tend to decompose and irreversibly be cleaved upon 
treatment with a strong acid into an aldehyde and a carboxylic acid.
17
 It is because of 
hemiacetal ester bond, which is a relatively weak covalent bond between blocks. For 
example, when poly(MOVE) macro-CTA and triblock copolymer, 
poly(MOVE)-b-poly(NIPAM)-b-poly(MOVE),  obtained from dicarboxylic RAFT 
agent were acidolyzed, the decomposed products obtained were corresponded to the 
poly(NIPAM) and poly(MOVE) homopolymer. Hence, a more strong and stable 
junction should be needed for the block copolymers. 
In addition, as far as the author aware, researches on the synthesis of graft 
copolymers via transformation of living cationic into controlled radical polymerization 
are very limited. Lu et al. reported a well-defined graft copolymer with poly(pinene)  
backbone chains and polystyrene and poly(meth)acrylate side chains by the 
transformation of living cationic polymerization to atom transfer radical polymerization 
(ATRP).
20,21





 initiating system, and continued by 
using CuCl and 2,2’-bipyridine to initiate ATRP. Moreover, Hong et al. synthesized 
polyisobutene-g-poly(methyl methacrylate) and polyisobutene-g-polystyrene prepared 
using partially brominated polyisobutylene-b-poly(p-methoxystyrene) as a 
macroinitiator in ATRP of the respective monomers.
22
 However, so far RAFT 
polymerization has never been applied to this transformation. 
In the present study, to prepare the stable block and novel graft polymers, the 
synthesis of block copolymers consisting of cationically polymerizable vinyl ethers and 
radically polymerizable monomers via the combination of two different polymerization 
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mechanisms, living cationic polymerization and RAFT polymerization using a novel 
vinyl ether-type RAFT agent (also called BVCT) as shown in Scheme 1 were 
investigated. The cationic polymerization of vinyl ether can be initiated from 
BVCT-trifluoroacetic acid adduct (BVCT-TFA), and RAFT polymerization can occur 
from the BVCT pendant. In particular, the resulting polymer is more stable than the 
previous block copolymers because of no hemiacetal ester. In addition, since the RAFT 
polymerization moiety is included in initiating species for cationic polymerization, the 
block efficiency (i.e. number average -end functionality) becomes higher than those of 
previously reported.
16,17
 To demonstrate the block copolymerization, double 
thermoresponsive block copolymers were prepared using poly(MOVE) and 
poly(NIPAM) whose phase separation temperatures (Tps’s) (broadly interpreted 
“LCSTs”) in water are 66 C23 and 32 C,24,25 respectively. The thermoresponsive 
behavior of the aqueous solutions was examined by DSC measurement and the 
transmittance (%) at 500 nm against temperature and was compared with the previous 
block copolymer with the same repeating units in aqueous solution.
16
 
Moreover, BVCT is a cationically polymerizable monomer. The random copolymers 
of MOVE and BVCT were synthesized under the same condition of the living cationic 
polymerization for the poly(vinyl ether) macro-CTA, followed by RAFT polymerization 
from BVCT unit in the random copolymer (Scheme 2). The properties of the aqueous 
solutions of graft copolymers were examined and compared with that of block 
copolymers. From these results, BVCT is proved to be both functioned as an initiator 





Scheme 1. Synthesis of block copolymers using BVCT-TFA via the combination of living 
cationic polymerization and RAFT polymerization. 
 
 
Scheme 2. Synthesis of graft copolymers involving poly(MOVE) backbone and poly(NIPAM) 
grafts using both BVCT-TFA and BVCT, i.e. poly(MOVE-co-BVCT)-g-poly(NIPAM), via the 




Isobutyl vinyl ether (IBVE) (TCI; >99.0%), MOVE (kindly donated by Maruzen 
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Petrochemical; >99.0%), styrene (St) (TCI; >99.0%) were washed with aqueous 
alkaline solution and then with water. These monomers were distilled twice over 
calcium hydride and were stored in a brown ampule under dry nitrogen in refrigerator. 
Ethyl acrylate (EA) (TCI; >99.0%) was purified using inhibitor removers prepacked 
column (Aldrich). NIPAM was recrystallized with benzene/hexane (3/7 v/v) and dried 
in vacuo. For solvent, toluene (Wako; >99.5%) was washed by the usual method and 
then was distilled over calcium hydride just before use. Ethyl acetate (Wako; >99.5%) 
as an added base for living cationic polymerization was distilled twice over calcium 
hydride and was stored in a brown ampule under dry nitrogen. Trifluoroacetic acid 
(Nacalai; 99.5%) and EtAlCl2 (Aldrich; 1.0 M ethylaluminum dichloride in hexanes) 
were used as commercially supplied. The initiator, 2,2’-azobis(isobutyronitrile) (AIBN; 
Wako) was recrystallized from diethyl ether and stored in refrigerator. 
 
2.2. Synthesis of BVCT and BVCT-TFA 
BVCT was prepared as follows: potassium phosphate (46 g,0.22 mol) and acetone 
(760 mL) were added into 1 L of round bottom flask and stirred at room temperature. 
When white suspension appeared, benzyl mercaptan (25.4 mL, 0.22 mol) was added 
and stirred for 3.5 h. 39.2 mL of carbon disulfide (0.65 mol) was then added, and after 4 
h, 2-chloroethyl vinyl ether (44 mL, 0.43 mol) was added, and continued to stir for a day. 
The solution was then filtered and the solvent was removed by evaporation. The 
resulting liquid was dissolved into 120 mL hexane and washed three times using 
deionized water (120 mL). The hexane layer was recovered, and followed by adding 
sodium sulfate or potassium hydroxide and dried overnight. It was then filtered and the 
excess hexane was removed by evaporator. The product was then isolated from residue 
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by column chromatography, using silica gel as stationary phase, with mixture of ethyl 
acetate and hexane as an eluent (1:15 v/v). The solvent was evaporated to dryness and 
the product identity was verified using 
1
H NMR spectroscopy (yield: 50%).
1
H NMR 
(CDCl3, 25 °C): 3.62 (t, 2H, CSCH2CH2, J = 6.3 Hz), 3.87 (t, 2H, CSCH2CH2, J = 6.3 
Hz), 3.97 and 4.13 (dd, 2H, OCHCH2, J = 6.8 and 2.3 Hz), 4.55 (s, 2H, CSCH2C6H5), 
6.35 (q, 1H, OCHCH2, J = 6.8 Hz), 7.18 (m, 5H, CSCH2C6H5). 
13
C NMR (CDCl3, 
25 °C):all CH2), 87.42 (OCHCH2), 127.71 (phenyl-C4), 128.60 
(phenyl-C3), 129.14 (phenyl-C2), 134.73 (phenyl-C1), 151.05 (OCHCH2), 222.78 
(CS(S)S). IR (neat, r.t.): 1062, 1188, 1399 cm
-1
. 
To synthesize BVCT-TFA, the procedure is as follows. BVCT (0.51 g) was added 
into a Schlenk tube and dried by azeotropic distillation performed in toluene. Then, the 
solution was diluted to 100 mM in toluene. In another Schlenk tube, toluene (13.8 mL) 
was added using a dry syringe and trifluoroacetic acid in toluene solution was added 
and diluted to 100 mM. In a round bottom flask, 2 mL of each Schlenk tube were added 
and stirred for 10 min while cooling to 0 °C. The product identity was verified by 1H 
NMR spectroscopy. 
 
2.3. Cationic polymerization procedures 
Cationic polymerization was carried out at 0 °C under a dry nitrogen atmosphere in a 
glass tube equipped with a three-way stopcock baked at 250 °C for 10 min before use. 
First, BVCT-TFA was diluted to 50 mM in toluene prior to use. Toluene (3.25 mL), 
ethyl acetate (0.50 mL, 5.1 mmol), IBVE (0.25 mL, 0.095 mmol), and 50mMof 
BVCT-TFA in toluene (0.50 mL) were added into the glass tube using dry medical 
syringes, successively. The polymerization was initiated by the addition of a prechilled 
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10mM EtAlCl2 solution in toluene at 0 °C. This is the procedure for the cationic 
polymerization in Fig. 2. For a thermoresponsive polymer, MOVE (0.26 mL, 1.0 mmol) 
was used instead of IBVE as follows: [MOVE]0 = 0.38 M, [BVCT-TFA]0 = 5.0 mM, 
[ethyl acetate] = 1.0 M, [EtAlCl2]0 = 10 mM.  After the desired time, the reactionwas 
terminated with prechilled methanol (0.5 mL) containing a small amount of aqueous 
ammonia solution (0.1 wt%). The quenched mixture was diluted in either hexane or 
dichloromethane and was successively washed with 0.1 mol/L hydrochloric acid, water, 
0.1 mol/L aqueous NaOH solution, and water to remove the initiator residues. The 
volatiles were then removed under reduced pressure over 50 °C, and the residue was 
vacuum-dried for a day at room temperature. The monomer conversion was determined 
by gravimetry. 
When BVCT was used as a comonomer with MOVE for backbone of graft copolymer, 
the polymerization was conducted as follows: poly(MOVE-co-BVCT) was prepared at 
0 °C under a dry nitrogen atmosphere in a glass tube equipped with a three-way 
stopcock baked at 250 °C for 10 min before use. First, BVCT (0.57 g) was added into 
the first test tube and dried by azeotropic distillation performed in toluene. Then, the 
solution was diluted to 250 mM in toluene. In a Schlenk tube (A), toluene (8.4 mL), 250 
mM of BVCT in toluene (0.75 mL) and 100 mM of trifluoroacetic acid in toluene 
solution (0.75 mL) were added and stirred for 10 min while cooling to 0 °C. Ethyl 
acetate (1.5 mL) and MOVE (0.6 mL) were then added to the Schlenk tube (A) using 
dry medical syringe. 1.5 mL of BVCT solution from the first test tube was added to the 
Schlenk tube (A) and stirred for 10 min while cooling to 0 °C. In another Schlenk tube 
(B), toluene (3.6 mL) and EtAlCl2 in hexane solution (0.4 mL) were added and stirred 
for 10 min while cooling to 0 °C. The polymerization was started when 1.5mL of this 
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mixture (B) was added to the Schlenk tube (A). After the desired time, the reaction was 
terminated with prechilled methanol (0.5 mL) containing a small amount of aqueous 
ammonia solution (0.1 wt%). The quenched mixture was diluted in dichloromethane 
and was successively washed with 0.1 mol/L hydrochloric acid, water, 0.1 mol/L 
aqueous NaOH solution, and water to remove the initiator residues. The volatiles were 
then removed under reduced pressure over 50 °C, and the residue was vacuum-dried for 
a day at room temperature. The monomer conversion was determined by gravimetry. 
 
2.4. RAFT polymerization procedures 
Either poly(IBVE) or poly(MOVE) macro-CTA with various DPs (degree of 
polymerizations) obtained by living cationic polymerization was mixed with AIBN and 
varying amount of radically polymerizable monomers such as EA, St, and NIPAM in a 
Schlenk tube. These are then diluted in toluene for the desired concentration in a 
Schlenk tube equipped with a magnetic stir bar. For example, the typical contents for 
the polymerization of EA are as follows: toluene (3.0 g, 32mmol), EA (0.50 g, 5.3 
mmol), poly(IBVE) macro-CTA (0.054 g, 23.5 μmol, DP = 20), AIBN (0.87 mg, 5.3 
μmol); [EA]0/[poly(IBVE) macro-CTA]0/[AIBN]0 = 200:1:0.2 molar ratio. After three 
freeze-thaw-pump cycles, the flask was filled with nitrogen and sealed. Then, each 
polymerization was allowed to proceed at 70 °C and quenched after the desired time via 
cooling in ice water and exposure to air. For block copolymers including poly(IBVE) 
blocks, the volatiles were then removed under reduced pressure over 40 °C, and the 
residue was vacuum-dried for a day at room temperature. For 
poly(MOVE)-b-poly(NIPAM), the crude product was then purified by dialysis against 
deionized water using semipermeable cellulose tubing (SPECTRA/POR, corresponding 
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to a molecular weight cutoff of 1000 Da) with at least six changes of deionized water, 
followed by lyophilization. 
For graft polymerization, the procedure was similar as above. In a round-bottom flask 
equipped with a magnetic stir bar, macro-CTA (0.62 g, 68.8 μmol), toluene (11.3 g, 0.12 
mol), NIPAM (2.1 g, 18.6 mmol), AIBN (2.3 mg, 13.8 μmol) ([NIPAM]0/[poly(IBVE) 
macro-CTA]0/[AIBN]0 = 200:1:0.2 molar ratio)  were added and stirred. After three 
freezeethawepump cycles, the flask was filled with nitrogen and sealed. Then, each 
polymerization was allowed to proceed at 70 °C and quenched after the desired time via 
cooling in ice water and exposure to air. The crude product was then purified by dialysis 
against deionized water using semipermeable cellulose tubing (SPECTRA/POR, 
corresponding to a molecular weight cutoff of 1000 Da) with at least six changes of 
deionized water, followed by lyophilization. 
 
2.5. Polymer characterization 
Molecular weight distributions (MWDs) excluding those of 
poly(MOVE)-b-poly(NIPAM) were assessed by gel permeation chromatography (GPC) 
in tetrahydrofuran (THF) at 40 °C using three polystyrene gel columns [TSK gel 
G-MHHR-M × 3 (exclusion limit: 4 × 10
6
 (PSt)); 7.8 mm i.d. × 300 mm each; flow rate 
1.0 mL/min] connected to a Tosoh CCPMII pump and an RI-8020 and UV-8020 for 
refractive index (RI) and ultraviolet (UV) detector, respectively. The RI detector was 
mainly used for determining of number-average molecular weight (Mn) and the 
polydispersity (Mw/Mn). For poly(MOVE)-b-poly(NIPAM), the MWDs were assessed 
by another GPC in N,N-dimethylformamide (DMF) with 10 mM LiBr at 40 °C using a 
polystyrene gel columns [TSK gel G-MHHR-M × 2; flow rate 1.0 mL/min]  connected 
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to a Tosoh CCPM-II pump and an RI-8012 and UV-8000 for refractive and UV detector, 
respectively. Mn and Mw/Mn were calculated from GPC curves on the basis of a PSt 
calibration. The 
1
H NMR spectra to determine the detailed structure such as the 
number-average end functionality of the RAFT terminal (Fn) and the compositions of 
block copolymers were recorded on either JEOL JNM-EX300 (300 MHz) or JEOL 
JNM-EX500 spectrometer (500 MHz). Matrix-assisted laser desorption ionization 
time-of-flight mass (MALDI-TOF-MS) spectra were recorded using a Bruker Daltonics 
autoflex spectrometer (linear mode) using dithranol as the matrix and sodium 
trifluoroacetate as the ion source (polymer sample/dithranol/sodium trifluoroacetate . 
1/8/1 weight ratio). 
 
2.6. Characterization of aqueous block copolymer solutions 
Aqueous solutions of the copolymers were prepared by dissolving the polymer in 
Mill-Q water and diluting the sample to those at a desired concentration. The 
thermoresponsive behavior of the solutions was measured by monitoring the 
transmittance of a 500 nm light beam through a 1.0 cm glass sample cell at a rate of 
1.0 °C/min on heating and cooling scans between 15 and 85 °C. The transmittance was 
recorded on a JASCO V-500 UV/vis spectrometer equipped with a Peltier-type 
thermostatic cell holder ETC-505. DSC measurements were performed using a Micro 
Calorimetry System (MicroCal) at a rate of 1.0 °C /min in heating and cooling scans 
between 20 and 80 °C. The block copolymer sample dissolved in water (0.5 wt%) was 
degassed and transferred to the sample cell (cell volume: 1.22 mL) with a syringe. An 
identical volume of the solvent of the same composition was placed in the reference cell. 
Dynamic light scattering (DLS) studies were performed using a DLS-7000 (Photal, 
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Otsuka Electronics) at various temperatures at scattering angle of 90_ using 0.1e0.2 
wt% aqueous solution of the thermoresponsive poly(MOVE)-b-poly(NIPAM) micelles. 
The light source was a He-Ne laser (10 mW, λ= 632.8 nm). The intensity-average 
hydrodynamic diameter (Dh) and polydispersity (PDI, μ2/Γ
2
)were calculated by 
cumulants analysis of the experimental correlation function using the attached software 
of the DLS-7000. Atomic force microscopy (AFM) images were recorded using a 
dynamic force mode (DFM) at ambient conditions with an SPM-9700 (Shimadzu) 
scanning probe microscope. Silicon AFM probe tip (Olympus, OMCL-AC160TS-C3) 
with a radius of 7 nm, a spring constant of 26 N/m, and a resonance frequency of 300 
kHz were used. A sample for AFM imaging was prepared at 45 °C by placing a 20 mL 
drop of the block copolymer solution (0.05 wt% polymer solution) on freshly cleaved 
muscovite mica (10 × 10 mm, V-4 grade, Alliance Biosystems) and allowing it to dry in 
air at 45 °C for a day. 
 
3. Results and discussion 
3.1. Synthesis of BVCT and BVCT-TFA 
First, novel vinyl ether, BVCT, was prepared from benzyl mercaptan, carbon 
disulfide, and 2-cholorovinyl ether (50% yield). The BVCT is vinyl ether, a cationically 
polymerizable monomer and a RAFT agent, i.e. a trithiocarbonate group with a 
substituent benzyl group as a free radical leaving group. As illustrated in Scheme 1, 
poly(vinyl ether)s were synthesized with the use of the adduct of trifluoroacetic acid 
with BVCT, BVCT-TFA. 
Fig. 1 shows 
1
H NMR spectra for BVCT and BVCT-TFA. All the signal peaks are 
exhibited and at 6.4 ppm, the signal peak (e’) ascribed for vinyl group at the terminal 
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end is appeared (Fig. 1B), indicating that BVCT is not self-polymerized and 
successfully synthesized. By adding trifluoroacetic acid as a protonic acid, this peak is 
disappeared, and the methine peak at 3.6 ppm (e) confirmed the presence of 
trifluoroacetic acid (TFA). Furthermore, each characteristic peaks from IR spectrum can 
be attributed as follows: the strong band of ether group is observed at 1062 cm
-1
. Also, 
C=S stretching frequency for trithiocarbonate group is appeared at 1188 cm
-1
 and C=C 
band from vinyl groups is shown at 1399 cm
-1
, respectively. BVCT is yielded more that 




H NMR spectra of (A) BVCT-TFA and (B) BVCT in CDCl3 at 25 °C.  
 
3.2. Living cationic polymerization of vinyl ether from BVCT-TFA 
Using BVCT-TFA/EtAlCl2/ethyl acetate initiating system, poly(-IBVE) was prepared 
as a typical example. Fig. 2A shows the representative time-conversion curves and the 
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first-order kinetic plots for the polymerization of IBVE. Although there is the RAFT 
moiety in the initiator BVCT-TFA, the initiating system induced a quantitative 
polymerization without an induction phase. The polymerization rate was first order with 
respect to monomer concentration, as evidenced by linear plots of logarithmic 
conversion data, ln([M]0/[M]), against time, where  [M]0 and [M] are monomer 
concentration at 0 and a certain time, respectively. The polymerization was relatively 
slow (conversion 66.5% at 4 h). Fig. 2B shows the Mn and the Mw/Mn values of the 
product polymers. The Mn increased in a direct proportion to the monomer conversion 
and is close to the calculated values assuming that one polymer chain form per one 
molecule of the BVCT-TFA. The typical GPC curves are shown in Fig. 2C. The 
poly(IBVE) obtained also had relatively narrow Mw/Mn and shifted to higher molecular 
weight as conversion increased. Fig. 3 shows 
1
H NMR spectrum of the resulting 
poly(IBVE). The polymer exhibited the signals ascribed to the BVCT (a-f) (i.e., -end), 
protons due to IBVE repeating units (h-k) and -end (m). Furthermore, peaks a and b 
of the leaving group are seen in poly(IBVE). This indicates that the poly(IBVE) 
possesses the RAFT polymerization moiety, i.e. free radical leaving group (benzyl 
group) and a trithiocarbonate group. This result indicates that these groups for RAFT 
polymerization were stable during living cationic polymerization process. The number 
average end functionality (Fn) was determined from the peak intensity ratio of the -end 
group a or b to the -end group m. The Fn of the -end group is 0.90 assuming that all 





Fig. 2. Living cationic polymerization of IBVE using BVCT-TFA in toluene at 0 
o
C: [IBVE]0 = 
0.38 M, [BVCT-TFA]0 = 5.0 mM, [EtAlCl2]0 = 10 mM, [ethyl acetate] = 1.0 M. (A) Kinetic plots, 







H NMR spectrum of poly(IBVE) macro-CTA (entry 2) in CDCl3 at 25 °C. 
 
Next, MALDI-TOF-MS spectroscopy analysis for the poly(IBVE) macro-CTA was 
conducted in order to analyze both terminal end structures ( and -ends). The 
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estimated chemical structures for each peak are also summarized in Fig. 4 in detail. The 
spectrum exhibited two major peaks (filled circle in red and blue), in which each peak is 
separated by 100 mass units, corresponding to the molar mass of IBVE repeating unit. 
For example, the peak a value is consistent with the calculated mass of poly(IBVE) 
with BVCT -end and methoxy -end; where, the experimental signal (2128.1 g/mol) 
fits the calculated molecular weight with Na
+
 (2128.4 g/mol). Meanwhile, the peak b is 
ascribed to poly(IBVE) initiated by proton, derived from an adventitious water or an 
excess TFA (1858.0 g/mol, n = 18). On the basis of these results, the 
end-functionality is calculated to be approximately 90%, which is in good agreement 
with Fn= 0.90 calculated from 
1
H NMR spectroscopy. This functionality of RAFT 
moiety is sufficient for the following block copolymerization, larger than that of 





Fig. 4. MALDI-TOF-MS spectrum of poly(IBVE). The detailed structures of a (filled circle in 
red) and b (filled circle in blue) with their molecular weights and number repating unit are 
calculated. The interpeak distances between the same structures correspond to the mass of the 
IBVE repeating unit.  
 
Under the same initiation system, another poly(vinyl ether), poly(MOVE) 
macro-CTA were also prepared. Irrespective of monomer structures, living 
polymerization proceeded from BVCT -end (Fn = 0.90) as well as poly(IBVE) 
polymerization. The typical MWD of poly(MOVE) macro-CTA is shown in Fig. 6C. 
The polymer structures were determined by the 
1
H NMR and MALDI-TOF-MS spectra 
(see Supporting information). The polymerization (macro-CTA) results are summarized 
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in Table 1. 
 
3.3. Synthesis of various block copolymers via RAFT polymerization 
After macro-CTA was obtained, RAFT polymerizations
26,27 
were conducted using 
several types of radically polymerizable monomers. Some monomers were chosen 
appropriately based on the structure of RAFT agent that was reported by many 
researchers.
28
 Table 1 shows results of block copolymerization of EA, St, and NIPAM 
via RAFT polymerization. However, methyl methacrylate and vinyl acetate were not 
polymerized from these macro-CTA of poly(IBVE) and poly(MOVE). 
 
Table 1 











Macro-CTA / Block Macro-CTA / Block 
1 IBVE21-b-EA152 1.7 / 17.3 1.24 / 1.29 
2 IBVE34-b-EA138 2.2 / 21.1 1.20 / 1.26 
3 MOVE66-b-EA93 5.0 / 27.8 1.27 / 1.32 
4 IBVE42-b-NIPAM197 4.8 / 24.7 1.18 / 1.37 
5 MOVE61-b-NIPAM150 7.5 / 19.9 1.29 / 1.33 
6 IBVE16-b-St74 1.2 / 3.0 1.24/ 1.53 
7 IBVE42-b-St28 4.8 / 7.6 1.18 / 1.44 
8 MOVE66-b-St35 5.3 / 8.8 1.33 / 1.45 
a 
RAFT polymerization condition: [monomer]0:[macro-CTA]0:[AIBN]0 = 200:1:0.2, [monomer]0 
= 15 wt% in toluene at 70 
o
C. The macro-CTAs were synthesized by living cationic 
polymerization using BVCT-TFA/EtAlCl2/ethyl acetate initiating system. 
b 
The segment DP in the formula was determined by 
1
H NMR spectroscopy on the basis of DP 
of the macro-CTA assuming that Fn = 1.0 of -end. 
c 
Determined by GPC (PSt calib.) 
 
The RAFT polymerization of EA using poly(IBVE) macro-CTA was conducted in 
toluene at 70 °C with molar ratio [EA]0/[poly(IBVE)]0/[AIBN]0 = 200:1:0.2. Fig. 5A 
shows kinetic curve for RAFT polymerization of EA. The polymerization shows a long 
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induction period about 2 h due to slow cross-initiation of EA by the benzyl radical from 
the macro-RAFT agent and possibly unfunctionalized PIBVE precursor. After the 
induction period, the polymerization proceeded and shows a linear first order plot. From 
Fig. 5B, the average number of molecular weight increased linearly with conversion and 
the molecular weight distribution was relatively narrow except the polymer at the low 
conversion. The molecular weight distribution clearly shifted toward the higher 
molecular weights relative to that of poly(IBVE) macro-CTA (Fig. 5C). The tailing of 
poly(IBVE) was seen like a shoulder peak, indicating that macro-CTA was contained a 
little of poly(IBVE) initiated by water about 10%. This agrees with the 
MALDI-TOF-MS result and the CTA efficiency. The block copolymer, 
MOVE66-b-EA93 (entry 3), prepared using poly(MOVE) macro-CTA was also obtained 
under the same condition using poly(IBVE) macro-CTA (Mn = 27.8 x 10
-3
, Mw/Mn = 
1.33). No differences were seen when either poly(MOVE) macro-CTA or poly(IBVE) 






Fig. 5. RAFT polymerization of EA using poly(IBVE) macro-CTA (entry 1) in toluene at 
70 °C: [EA]0/[poly(IBVE)]0/[AIBN]0 = 200:1:0.3, [EA]0 = 15 wt%. (A) Kinetic plots, (B) 
evaluation of Mn (○) and Mw/Mn (●) with conversion, and (C) the typical GPC curves for 
poly(IBVE) macro-CTA and poly(IBVE)−b-poly(EA) at 5 and 8 h. 
 
The block copolymerization of St and NIPAM was also conducted under the same 
condition. Both MWDs clearly shifted toward higher molecular weights relative to the 
Mn of both poly(IBVE) macro-CTA and poly(MOVE) macro-CTA and the RAFT 
polymerizations exhibited linear first-order plots, indicating an approximately constant 
number of growing species as well as the MWDs of EA as shown in Table 1. 
Intriguingly, double thermo-responsive block copolymer, poly(MOVE)-b-poly(NIPAM), 
was also obtained. The polymerization occurred after induction period for 1 h and the 
molecular weight distributions are shifted toward higher molecular weight relative to 
that of poly(MOVE) macro-CTA, and the molecular weight distributions are relatively 




Fig. 6. RAFT polymerization of NIPAM using poly(MOVE) macro-CTA (entry 5) in toluene at 
70 °C: [NIPAM]0/[poly(MOVE)]0/[AIBN]0 = 200:1:0.3, [NIPAM]0 = 15 wt%. (A) Kinetic plots, 
(B) evaluation of Mn (○) and Mw/Mn (●) with conversion, and (C) the typical GPC curves for 
poly(MOVE) macro-CTA and poly(MOVE)-b-poly(NIPAM) at 75 and 90 min. 
 
To confirm the block copolymerization in detail, the 
1
H NMR spectrum of a 
MOVE61-b-NIPAM150 (entry 5) was recorded in D2O at various temperatures. The 
spectra are depicted in Fig. 7 to investigate the temperature dependence of 
phase-separation behavior. At 25 °C, which is under Tps of both of poly(NIPAM) (ca. 32 
32°C) and poly(MOVE) (ca. 66°C), all peaks of both poly(MOVE) and poly(-NIPAM) 
are appeared. When the temperature is at  45 °C, between Tps’s of poly(NIPAM) and 
poly(MOVE) homopolymer, all the signals of poly(NIPAM) chain were disappeared, 
whereas the signal assigned to poly(MOVE) chains remained sharp. Thus, this indicates 
that self-assemblies like poly(NIPAM)ecore micelles are formed at this temperature. 
This resulting self-assemblies like micelle was reversible, depending on the solution 
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temperature over these temperature ranges. 
 
 
Fig. 7. Typical 
1
H NMR spectra recorded for 1.0 wt %MOVE64-b-NIPAM165 in D2O at (A) 
25 °C and (B) 40 °C. The inset shows the chemical structure of the diblock copolymer with full 
peak assignments. 
 
3.4. Aqueous solution of poly(MOVE)-b-poly(NIPAM) 
Fig. 8 shows dynamic light scattering (DLS) and DSC thermogram results for 
poly(MOVE)-b-poly(NIPAM) in water. Below 32 °C, the block copolymer is 
molecularly dissolved and the hydrodynamic diameter (Dh) is below 15 nm with 
relatively high polydispersity index PDI (
. Above 32 °C, the solution was changed 
from transparent to slightly opaque evidenced by the decreasing of transmittance at 500 
nm as shown in Fig. 8B, indicating micellar solution characteristics. The diameter 
increased, whereas the PDI decreased with the increasing temperature. The diameter 
reached about 180 nm at 34 ºC. Further increased temperature up to 64 ºC induced 
precipitation due to the both Tps’s of poly(NIPAM) and poly(MOVE). 
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The relationship between temperature and diameter is also clarified in DSC 
thermogram and the temperature dependence of the absorbance at 500 nm (0.1 wt%) 
(Fig. 8B). The results of both measurements indicated that two-step transitions occurred 
when the block polymer was heated above Tps’s of poly(NIPAM) and poly(MOVE) 
blocks. The transition temperatures, i.e. 32 °C and 64 °C, were occurred, in agreement 
to the Tps of poly(NIPAM) and the temperature slightly shifted to low temperature 
against that of poly(MOVE), respectively. This temperature shift is due to hydrophobic 
effects of poly(NIPAM) in micellar core. 
 
Fig. 8. (A) Variation of hydrodynamic diameter (Dh) and PDI (μ2/Γ
2
) with temperature for 
MOVE61-b-NIPAM150 in water. (B) Temperature dependence of the transmittance (%) at 500 
nm (0.1 wt%) and DSC thermogram (0.5 wt %) of aqueous solution of MOVE61-b-NIPAM150: 
heating and cooling rate 1.0 °C/min, heating (―) and cooling (···). The inset values are 
transition temperatures (peak tops; T1 and T2) and their heats of transition (ΔH1 and ΔH2) 
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AFM was also used to confirm the micelle formation. AFM image of micelles 
deposited on the mica substrate from MOVE61-b-NIPAM150 diluted solutions (0.05 
wt%) at 45 °C is shown in Fig. 9. Spherical micelles and clusters of micelles can be 
clearly seen in the image. From these observations, it can be concluded that the block 
copolymer was successfully obtained. 
 
Fig. 9. AFM (height) images (5 × 5 mm) of MOVE61-b-NIPAM150 (entry 5) in water at 
45 °C deposited onto mica. 
 
3.5. Synthesis of poly(MOVE-co-BVCT)-g-poly(NIPAM) 
As mentioned above, BVCT is not only functioned as initiator but also could be used 
as monomer. MOVE and BVCT copolymer was synthesized via living cationic 
polymerization under the same condition (see Table 2). Fig. 10 shows representative 
1
H 
NMR spectrum for poly(MOVE-co-BVCT). Fig. 11 shows the typical GPC results for 
poly(MOVE-co-BVCT). For
 1
H NMR spectroscopy result, all peaks were attributed to 
MOVE (g-k) and BVCT units (a-f).  Furthermore, the existence of the RAFT terminal 
group was confirmed by UV detector in GPC measurement at 308 nm, which also 
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detected at the same position as RI detection. The 308 nm wavelength is the maximum 
absorption wavelength of π−π* absorption bands of the trithiocarbonate group. The 
resulting poly(MOVE-co-BVCT) was also monodisperse, indicating that the BVCT can 
be functioned as a monomer. However, the relative reactivities for MOVE and BVCT 
were determined by Kelen-Tüdӧs method, giving values of 0.25 ± 0.16 (rMOVE) and 1.3 
± 0.045 (rBVCT), respectively.
29
 This values show that BVCT is more reactive than 
MOVE due to the structure of MOVE with an ether bond in the pendant to stabilize the 
propagating carbocation. Thus, this indicates that the sequence distribution of the 
product copolymer is not perfectly random. 
 
 
Fig. 10. Typical 
1
H NMR spectra recorded for MOVE62-co-BVCT9 in CDCl3 at 25 °C. Asterisks 







Table 2.  
Graft copolymers, poly(MOVE-co-BVCT)-g-poly(NIPAM), i.e. 























9 (MOVE73-co-BVCT1)-g-NIPAM93 7.6 / 14.0 1.30 / 1.54 
10 (MOVE73-co-BVCT1)-g-NIPAM214 7.6 / 25.4 1.30 / 1.72 
11 (MOVE72-co-BVCT2)-g-NIPAM46 7.1 / 10.0 1.31 / 1.42 
12 (MOVE72-co-BVCT2)-g-NIPAM126 7.1 / 18.1 1.31 / 1.45 
13 (MOVE69-co-BVCT3)-g-NIPAM29 7.4 / 9.1 1.38 / 1.43 
14 (MOVE69-co-BVCT3)-g-NIPAM70 7.4 / 13.8 1.38 / 1.41 
15 (MOVE62-co-BVCT9)-g-NIPAM19 6.5 / 9.2 1.33 / 1.38 
a
RAFT polymerization: [monomer]0:[backbone]0:[AIBN]0 = X:1:0.2 (X is close to DP of 
poly(NIPAM) in Table; X = 180, 440, 143, 375, 120, 260, 222 for entry 9-15, respectively. All conv 




The segment DP in the formula was determined by 
1
H NMR spectroscopy. All backbones include 
BVCT -endgroup because of BVCT-TFA initiator for living cationic polymerization. For example, 
in the case of entry 9, two BVCT monomers were utilized to prepare the backbone.  
c
Determined by GPC (PSt calib.). 
d
Living cationic polymerization: [monomers]0 = 0.35 M (monomers: MOVE and BVCT), 
[BVCT-TFA]0 = 5mM, [EtAlCl2]0 = 10 mM, [ethyl acetate] = 1.0 mM. 
e
Monomer reactivity for synthesis of backbone: rMOVE= 0.25 ± 0.16, rBVCT= 1.3 ± 0.045. 
 
Using the poly(MOVE-co-BVCT) as a backbone, the graft copolymerization of 
poly(NIPAM) was investigated. Table 2 shows the polymerization result. Regardless of 
the DP for poly(MOVE-co-BVCT), all of the polymerization smoothly progressed as 
that of block copolymerization. From typical GPC results in Fig. 11, MWD of graft 
copolymer, poly(MOVE-co-BVCT)-g-poly(NIPAM), was slightly shifted to higher 
molecular weights relative to that of the corresponding poly(MOVE-co-BVCT) 
backbone. This result is different to those of linear block copolymer, where the MWD of 
the polymer is considerably shifted. This is due to compact size in eluent of GPC 
relative to the block copolymer. Furthermore, the existence of the RAFT terminal group 
at 308 nm shows that BVCT is not decomposed from the backbone. Moreover, the graft 
copolymer also exhibited the thermoresponsiveness (precipitation) above Tps of 
106 
 
poly(NIPAM) homopolymer. No micelle formed in water above Tps of poly(NIPAM) 
graft chain unlike the case of block copolymers for (MOVEn-co-BVCTm)-g-NIPAMx (n 
= 62-73, m = 1-9, x = 19-214). This is due to the polymer structure in which the Tps of 
graft chain is lower than that of backbone. In short, the obtained graft polymer is more 
hydrophobic than that of the block copolymer, and it is difficult for poly(NIPAM) grafts 
to stabilize the aggregates. 
 
Fig. 11. Typical GPC curves for MOVE69-co-BVCT3 and (MOVE69-co-BVCT3)-g-NIPAM29, 
respectively. Line and dotted curves are detected by RI and UV at 308 nm, respectively. 
 
4. Conclusion 
In conclusion, novel block and graft copolymers were synthesized using a novel vinyl 
ether-type RAFT agent, BVCT, which possesses trithiocarbonate and benzyl group for 
RAFT polymerization via the combination of living cationic polymerization of vinyl 
ethers and RAFT polymerization. For block copolymers, the novel BVCT-TFA plays an 
important role to produce well-defined block copolymers, which is both a cationogen 
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under EtAlCl2 initiation system in the presence of ethyl acetate for living cationic 
polymerization and a RAFT agent. Since the BVCT-TFA was utilized as an initiator, the 
resulting polymer, poly(vinyl ether)s, by living cationic polymerization had a high 
number average -end functionality (> 0.9) because the BVCT-TFA is the cationogen 
for living cationic polymerization. In addition, this a-end group was not decomposed 
during polymerization. These are determined by both 
1
H NMR and MALDI-TOF-MS 
spectrometry in detail. Furthermore, this poly(vinyl ether)s worked well as a 
macromolecular chain transfer agent for RAFT polymerization. The RAFT 
polymerization of radically polymerizable monomers was conducted in toluene using 
2,2’-azobis(isobutyronitrile) at 70 °C. As an evidence of the successful block 
copolymerization, double thermoresponsive block copolymers 
poly(MOVE)-b-poly(NIPAM) were synthesized. The product block copolymers 
reversibly formed and deformed micellar assemblies above the Tps of poly(NIPAM) 
block in water. In preparing the graft copolymer via the combination of living cationic 
polymerization and RAFT polymerization, this BVCT acted as a comonomer for living 
cationic polymerization. When BVCT was copolymerized with MOVE by living 
cationic polymerization, the relative reactivities for MOVE and BVCT were 0.25 ± 0.16 
(rMOVE) and 1.3 ± 0.045 (rBVCT), respectively. Using this copolymer, graft 
copolymerization with NIPAM via RAFT polymerization was conducted, and 
well-defined poly(MOVE-co-BVCT)-g-poly(NIPAM)was successfully obtained. 
However, since the obtained graft polymer is more hydrophobic than that of the block 
copolymer, no micelle formed in water above Tps of poly(NIPAM) graft chain unlike the 
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H NMR spectrum in CDCl3 at 25 ºC of poly(MOVE) prepared by living cationic 
polymerization in toluene at 0 ºC using BVCT-TFA/EtAlCl2/ethyl acetate initiating system: 
[MOVE]0 = 0.38 M, [BVCT-TFA]0 = 5.0 mM, [EtAlCl2]0 = 10 mM, [ethyl acetate] = 1.0 M.  
 
 
Fig. S2. MALDI-TOF-MS spectrum of poly(MOVE). The detailed structures of ● and ▲ with 
their molecular weights and number repeating unit are calculated. The interpeak distances between 
the same structures correspond to the mass of the IBVE repeating unit. Fn on the-end group of 




Synthesis of polyvinyl alcohol stereoblock copolymer via the 
combination of living cationic polymerization and 





Different types of novel xanthates containing a vinyl ether moiety, S-benzyl 
O-2-(vinyloxy)ethyl carbonodithioate (Xanthate 1) and S-1-(ethoxycarbonyl)ethyl 
O-2-(vinyloxy)ethyl carbonodithioate (Xanthate 2) were synthesized. In particular, the 
Xanthate 2 enabled to design polyvinyl alcohol (PVA) stereoblock copolymer via the 
combination of living cationic vinyl polymerization and RAFT/MADIX polymerization. 
For cationic polymerization of isobutyl vinyl ether (IBVE) and tert-butyl vinyl ether 
(TBVE), the polymerizations were conducted under Xanthate 1-HCl adduct/SnCl4 and 
Xanthate 1 or 2-CF3COOH adduct/EtAlCl2 initiating system in the presence of ethyl 
acetate. Both systems proceeded in living polymerization fashion because the calculated 
Mn of both poly(IBVE) and poly(TBVE) matches with the Mn polymerized assuming 
that one polymer chain is formed per one molecule of the Xanthate 1 or 2. The resulting 
poly(TBVE) had a high number average -end functionality as determined by 
MALDI-TOF-MS spectrometry. Xanthate 2 is more efficient for the following 
RAFT/MADIX polymerization of vinyl acetate (VAc). The RAFT/MADIX 
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polymerization of vinyl acetate (VAc) using azobis(isobutyronitrile) (AIBN) at 60 °C 
was conducted using either poly(IBVE) or poly(TBVE) macro-CTA. The poly(TBVE) 
macro-CTAs synthesized from the Xanthate 2 were able to polymerize VAc smoothly 
via RAFT/MADIX polymerization, to prepare well-defined diblock copolymer, 
poly(TBVE)-b-poly(VAc). The resulting block copolymer was then hydrolyzed using 
KOH in methanol and followed by acid hydrolysis using HBr gas bubbling. The 
resulting polymer is inherently stereoblock like copolymer, isotactic rich PVA-b-atactic 
PVA (iPVA-b-aPVA). From the DSC measurement, the iPVA-b-aPVA has one glass 
transition at 69.5 °C and two melting points according to iPVA and aPVA at 237.9 and 
198.1 °C, respectively. Thus, it can be suggested that the obtained PVA has two different 

















Living/controlled polymerization is the most versatile method to design and control 
precisely polymer structure. The resulting block copolymers are useful materials in 









. These are generally synthesized by adding two or more 
monomers in the polymerization system of the same mechanism activity. In practice, it 
is difficult to synthesize well-defined block copolymers with different unsaturated 
monomers. In addition, as can be seen in ionic and coordination polymerization, only a 
few of controlled living polymerization can provide additional control for the products 
such as stereoregularity or perfect sequences.
7,8
 To realize the control over both chain 
architecture and microstructure, many researchers have investigated the hybrid 
polymerization. The selectivity of the monomers becomes wider, and new functions and 
versatility for additional control are expected.  
To date, many studies have been conducted on the mechanistic transformation from 
anionic to cationic, cationic to radical, radical to anionic and vice versa
9,10
. The 
combination of precision polymerization to produce novel block copolymers was first 
introduced by Burgess et. al. who combined living anionic polymerization of styrene 





mechanistic transformation of living polymerization of vinyl monomers was 
investigated by Matyjaszewski et. al., which involved the transformation reaction from 
living cationic to controlled radical polymerization
12
. Recent developments of the 
living/controlled polymerization have enabled to combine different polymerization 
methods and prepare various copolymers with many architectures such as blocks, grafts 
and stars
13-19
. Among them, only a few studies focusing on the combination of living 
114 
 
cationic polymerization and reversible addition-fragmentation chain transfer (RAFT) 
polymerization. Examples include transformation of living cationic vinyl 
polymerization to RAFT polymerization to synthesize 
poly(meth)acrylates-block-polyvinyl ether
20
 and the site transformation of 
polyisobutylene chain ends into RAFT polymerization
21,22
. Furthermore, in the recent 
years, some methods have been reported to prepare well-defined block copolymers 
between vinyl ethers and radically polymerizable monomers and controlled molecular 
weight involving two mechanism polymerizations, such as living cationic 
polymerization and RAFT polymerization, as explained in Chaper 3 and 4
23-26
. Quite 
recently, a novel vinyl ether-type RAFT agent, benzyl 2-(vinyloxy)ethyl 
carbonotrithioate (BVCT) was successfully synthesized. The BVCT/EtAlCl2 initiating 
system in the presence of ethyl acetate have enabled to prepare the macro-chain transfer 
agents (macro-CTAs) of poly(vinyl ether) for the RAFT polymerization. The block 
copolymerizations of ethyl acrylate, styrene, and N-isopropylacrylamide via RAFT 
polymerization were successfully conducted using the poly(vinyl ether) macro-CTAs. 
However, non-conjugated monomer of vinyl acetate (VAc) cannot be polymerized
26
.  
In this study, novel vinyl-ether type xanthates including a cationically polymerizable 
moiety and xanthathe of a RAFT agent were synthesized. In common, RAFT 
polymerization using such a xanthate is called as macromolecule design through 
interchange of xanthates (MADIX)
27-29
. The xanthate enables to synthesize novel block 
copolymers consisting of cationically polymerizable vinyl ethers and radically 
polymerizable non-conjugated monomer, VAc. To the best of our knowledge, this is the 
first example of the combination of polymerization involving cationic polymerization 
and RAFT/MADIX polymerization.  
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In general, the RAFT/MADIX polymerization is useful for the polymerization of 
non-conjugated monomers such as N-vinyl carbazole, N-vinyl pyrrolidone and vinyl 
acetate. This is because the polymer radicals are very reactive and tend to add quickly to 
the activated C=S bond during the propagating reaction. As the result, the intermediate 
radical in the equilibrium during the RAFT process is relatively unstable. Therefore, a 
xanthate with a low reactivity of C=S bond allows the addition of poorly stabilized 
propagating radicals on the double bond and give some control over the molecular 
weight of the polymer through the MADIX process.  
Herein, the combination of RAFT/MADIX and living cationic polymerization allows 
us to prepare PVA stereoblock copolymer. An isotactic-rich poly(TBVE) was inherently 
obtained from (living) cationic polymerization
30
 while an atactic poly(VAc) was 
obtained from (RAFT) radical polymerization
27,31
. On this basis, recent studies on 
mechanistic transformation (combination polymerization) involving living cationic 
polymerization and RAFT/MADIX polymerization were extended to generate a novel 
block copolymer, poly(TBVE)-b-poly(VAc). As a typical example, the resulting block 
copolymer precursor, poly(TBVE)-b-poly(VAc) was then hydrolyzed to prepare a 
stereoblock copolymer of polyvinyl alcohol (PVA); isotactic rich PVA-b-atactic PVA 
(iPVA-b-aPVA).  
PVA is a commodity polymer which was developed for applications in a general 
industrial material such as transparent film, adhesive and many more due to its 
characteristics such as solubility in water, low toxicity and biodegradability
32-35
. 
Typically, PVA cannot be synthesized directly from vinyl alcohol monomer, but it is 
synthesized by hydrolysis of poly(VAc) prepared from radical polymerization. On the 





. The combined block copolymer can be obtained by the 
combination of living cationic polymerization and RAFT/MADIX polymerization, and 
the stereoregularity of the polymer is essentially controlled as shown in Scheme 1.  
 
 
Scheme 1. Synthesis of iPVA-b-aPVA from poly(TBVE)-b-poly(VAc) via the combination 




Isobutyl vinyl ether (IBVE) (TCI; > 99.0%), and tert-butyl vinyl ether (TBVE) 
(Sigma Aldrich; >99.0%) were washed with aqueous alkaline solution and then with 
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water. These monomers were distilled twice over calcium hydride and were stored in a 
brown ampule under dry nitrogen in refrigerator. Vinyl acetate (VAc) (TCI; > 99.0%) 
was distilled over calcium hydride and was stored in a brown ampule. For solvent, 
toluene (Wako; > 99.5%) was washed by the usual method and then was distilled over 
calcium hydride just before use. Ethyl acetate (Wako; > 99.5%) as an added base for 
living cationic polymerization was distilled twice over calcium hydride and was stored 
in a brown ampule under dry nitrogen. For Lewis acids, ZnCl2 (Aldrich; 1.0 M solution 
in diethyl ether), EtAlCl2 (Aldrich; 1.0 M solution in hexanes), and SnCl4 (Aldrich; 1.0 
M solution in dichloromethane) were used as commercially supplied. Dioxane 
(dehydrated, Wako; > 99.5%) for the solvent of RAFT/MADIX polymerization was 
used as commercially supplied. The initiator, 2,2’-azobis(isobutyronitrile) (AIBN; 
Wako) was recrystallized from diethyl ether and stored in refrigerator. 
 
2.2 Synthesis of S-benzyl O-2-(vinyloxy) ethyl carbonodithioate (Xanthate 1) and 
S-1-(ethoxycarbonyl)ethyl O-2-(vinyloxy)ethyl carbonodithioate (Xanthate 2) 
For Xanthate 1, in a three-neck round bottom flask equipped with a reflux, 3.6 g of 
1,1’- thiocarbonyl diimidazole and 0.05g (20 mmol) of KOH was dissolved in 60 ml 
toluene. 1.9 mL (20 mmol) of 2-hydroxyethyl vinyl ether (HOVE, donated by Maruzen 
Petrochemical) was then added and stirred. The mixture was heated at 60 

C for about 6 
hours and left overnight at room temperature with stirring. O-2-(vinyloxy)ethyl 
1H-imidazole-1-carbothioate was synthesized during this process. 2.4 mL (20 mmol) of 
benzyl mercaptan was then added and stirred. The mixture was then continue to heat at 
60 °C for about 6 hours and left overnight at room temperature with stirring. The 
suspension was filtrated, and the excess toluene was removed by an evaporator. The 
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product was then isolated from residue by column chromatography, using silica gel as 
stationary phase, with mixture of ethyl acetate and hexane as an eluent (1:10 v/v). The 




C NMR, and IR spectroscopy (yield: 60%). 
1
H NMR (CDCl3, 25 °C): 4.08 and 4.21 
(dd, 2H, CH2CHO, J = 2.38 and 2.37 Hz)，6.50 (q, 1H, CH2CHO, J = 6.87 Hz)，4.83 (t, 
2H, CH2CH2O, J = 4.65 Hz)，4.03 (t, 2H, CH2CH2O, J = 4.65 Hz)，4.38 (s, 2H, 
CS2CH2C6H5)，7.23-7.38 (m, 5H, CS2CH2C6H5 ). 
13
C NMR (CDCl3, 25 °C):  40.26, 
64.8, 71.12 (all CH2), 87.10 (OCHCH2), 127.30 (phenyl-C4), 128.34 (phenyl-C2), 
128.79 (phenyl-C3), 135.27 (phenyl-C1), 150.98 (OCHCH2), 213.41 (CO(S)S). IR (neat, 
r.t.): 1065, 1191, 1495, 1616 cm
-1
. 
For Xanthate 2, the intermediate process is the same as Xanthate 1 where 
O-2-(vinyloxy)ethyl 1H-imidazole-1-carbothioate was yielded. 2.6 mL (20 mmol) of 
ethyl 2-mercaptopropionate was then added and stirred. The mixture was then continue 
to heat at 60 °C for about 6 hours and left overnight at room temperature with stirring. 
The suspension was filtrated, and the excess toluene was removed by an evaporator. The 
product was then isolated from residue by column chromatography, using silica gel as 
stationary phase, with mixture of ethyl acetate and hexane as an eluent (1:5 v/v). The 




C NMR, and IR spectroscopy (yield: 65%). 
1
H NMR (CDCl3, 25 °C): 4.01 (dd, 2H, 
CH(H)CHO, J = 2.37 Hz)，4.17 (d, 1H, CH(H)CHO, J = 2.46 Hz)，6.42 (q, 1H, 
CH2CHO, J = 6.79 Hz)，4.73 (t, 2H, CH2CH2O, J = 4.55 Hz)，3.97 (t, 2H, CH2CH2O, J 
= 4.62 Hz), 4.32 (q, 1H, CS2CHCH3, J = 7.33 Hz)，1.52 (d, 3H, CS2CHCH3, J = 7.48 
Hz), 4.14 (q, 2H, OCH2CH3, J = 6.94 Hz)，1.22 (t, 3H, OCH2CH3, J = 7.12 Hz). 
13
C 
NMR (CDCl3, 25 °C): 61.53, 64.78, 71.40 (all CH2), 13.89, 16.72 (all CH3), 47.21 
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(CS2CHCH3), 87.13 (CH2CHO), 151.03 (CH2CHO), 170.80 (CO2CH2CH3), 211.89 




2.3 Synthesis of macro-RAFT agents. 
For Xanthate 1/HCl/ZnCl2 and Xanthate 1/HCl/SnCl4 based initiating system, the 
Xanthate 1-HCl adduct was synthesized just before use via the reaction of the Xanthate 
1 in toluene solution with hydrogen chloride gas generated from sulfuric acid and 
sodium chloride. All of the apparatus were baked at 250 °C for 10 min before use. 
Cationic polymerization was carried out at 0 °C under a dry nitrogen atmosphere in a 
Schlenk tube equipped with a three-way stopcock baked at 250 °C for 10 min before use. 
The cationic polymerization was conducted as follows: [IBVE]0 ＝ 0.3 M, [Xanthate 
1]0 = 5.0 mM, [Lewis acid]0 = 1.0 mM. Toluene (1.8 mL), IBVE (0.2 mL, 0.095 mmol), 
and 10 mM of Xanthate 1-HCl in toluene solution (2.5 mL) were added into the glass 
tube using dry medical syringes, successively. The polymerization was initiated by the 
addition of a prechilled 10 mM Lewis acid in toluene solution (0.5 mL) at 0 °C. After 
the desired time, the reaction was terminated with prechilled methanol (0.5 mL) 
containing a small amount of aqueous ammonia solution (0.1 wt%). The quenched 
mixture was diluted in either hexane or dichloromethane and was successively washed 
with 0.1 mol/L hydrochloric acid, water, 0.1 mol/L aqueous NaOH solution, and water 
to remove the initiator residues. The volatiles were then removed under reduced 
pressure over 50 °C, and the residue was vacuum-dried for a day at room temperature. 
The monomer conversion was determined by gravimetry.  
For Xanthate 1 or 2/trifluoroacetic acid (TFA) adduct/EtAlCl2 based initiating system, 
the Xanthate 1 or 2-TFA adduct was synthesized as follows. All of the apparatus were 
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baked at 250 °C for 10 min before use. First, in two necks round bottom flask, 0.1 mL 
of Xanthate 1 (or 2) was added using medical syringe. Then, 11.7 mL (11.5 mL for 
Xanthate 2) of toluene was added into the flask to prepare 40 mM Xanthate in toluene 
solutions. These solutions were dehydrated over CaCl2 for 3 hours at 0 °C with stirring 
and then filtered under N2 atmosphere. Using the Xanthate in toluene (stock solution), 
20 mM Xanthate-TFA solutions were prepared in a Schlenk tube. The cationic 
polymerization was conducted as follows: [IBVE or TBVE]0 ＝ 0.38 M，[Xanthate 1 
or 2]0 = 5.0 mM, [TFA]0 = 5.0 mM, [EtAlCl2]0 = 10 mM, [Ethyl Acetate] = 1.0 M. 
Toluene (2.5 mL), ethyl acetate (0.50 mL, 5.1 mmol), IBVE (0.25 mL, 0.095 mmol), 
and 20 mM of Xanthate-TFA in toluene solution (1.25 mL) were added into the glass 
tube using dry medical syringes, successively. The polymerization was initiated by the 
addition of a prechilled 10 mM Lewis acid in toluene solution (0.5 mL) at 0 °C. After 
the desired time, the reaction was terminated with prechilled methanol (0.5 mL) 
containing a small amount of aqueous ammonia solution (0.1 wt%). The quenched 
mixture was diluted in either hexane or dichloromethane and was successively washed 
with 0.1 mol/L hydrochloric acid, water, 0.1 mol/L aqueous NaOH solution, and water 
to remove the initiator residues. The volatiles were then removed under reduced 
pressure over 50 °C, and the residue was vacuum-dried for a day at room temperature. 
The monomer conversion was determined by gravimetry. 
 
2.4 RAFT/MADIX polymerization procedures 
Either poly(IBVE) or poly(TBVE) macro-CTA with a predetermined DP (degree of 
polymerization) obtained by living cationic polymerization was mixed with AIBN and 
varying amount of VAc in a Schlenk tube. These were then diluted in bulk or solution 
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such as toluene or dioxane for the desired concentration in a Schlenk tube equipped 
with a magnetic stir bar. For example, the typical contents for the polymerization of 
VAc were as follows: toluene (8.22 g, 32 mmol), VAc (0.42 mL, 5.3 mmol), poly(IBVE) 
macro-CTA (0.5 g, 23.5 μmol, DP = 53), AIBN (3 mg, 5.3 μmol); [VAc]0/[poly(IBVE) 
macro-CTA]0/[AIBN]0 = 200:1:0.2 molar ratio; monomer conc. = 15 wt%. After three 
freeze-thaw-pump cycles, the flask was filled with nitrogen and sealed. Then, each 
polymerization was allowed to proceed at 60 °C and quenched after the desired time via 
cooling in ice water and exposure to air. The volatiles were then removed under reduced 
pressure over 40 °C, and the residue was vacuum-dried for a day at room temperature. 
The DP of the polymer was verified by 
1
H NMR spectroscopy. 
 
2.5 Synthesis of stereoblock copolymers 
For alkaline hydrolysis, 0.125 g of poly(TBVE)-b-poly(VAc) and 12 mL methanol 
was added into a round bottom flask, and stirred with magnetic bar. 0.24 g of KOH was 
added into the flask and allowed to react for a day at room temperature. The volatiles 
were then removed under reduced pressure using rotary evaporator. After evaporation, 
residues were then removed by dialysis against deionized water using semipermeable 
cellulose tubing (SPECTRA/POR, corresponding to a molecular weight cutoff of 1000 
Da) for two days followed by lyophilization.  
For acid hydrolysis, the polymer in toluene solution (0.1 wt%) was reacted to 
hydrogen bromide gas generated from sulfuric acid and sodium bromide. The excess 
hydrogen bromide gas was removed using nitrogen gas. The product was neutralized 
with 0.1 % ammonia in methanol, followed by washing three times with methanol and 
dried under reduced pressure at 30 °C. 
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2.6 Polymer Characterization 
Molecular weight distributions (MWDs) were assessed by gel permeation 
chromatography (GPC) in tetrahydrofuran (THF) at 40 °C using three polystyrene gel 
columns [TSK gel G-MHHR-M × 3 (exclusion limit: 4 × 10
6
 (PSt)); 7.8 mm i.d. × 300 
mm each; flow rate 1.0 mL/min] connected to a Tosoh CCPMII pump and an RI-8020 
and UV-8020 for refractive index (RI) and ultraviolet (UV) detector, respectively. The 
RI detector was mainly used for determination of number-average molecular weight 
(Mn) and the polydispersity (Mw/Mn). For PVA, assessed by GPC in water containing 0.2 
M NaNO3 and 0.01 M NaH2PO4 (pH = 7) at 40 °C using two hydrophilic methacrylate 
gel columns [TSK gel -M × 2 (exclusion limit: > 107 (PEO)); 7.8 mm i.d. × 300 mm 
each; flow rate 1.0 mL/min] connected to a Tosoh CCPS pump and an RI-8020 and 
UV-8020 for RI and UV detector, respectively. The Mns of PVAs were calibrated by 
poly(ethylene oxide) (PEO). Thus, observed Mns are larger than those calculated. The 
1
H NMR spectra to determine the detailed structure and the compositions of block 
copolymers were recorded on either JEOL JNM-EX300 (300 MHz) or JEOL 
JNM-EX500 spectrometer (500 MHz). Matrix-assisted laser desorption ionization 
time-of-flight mass (MALDI-TOF-MS) spectra were recorded to determine the 
number-average end functionality of the RAFT terminal (Fn) using a Bruker Daltonics 
autoflex spectrometer (reflectron mode) using dithranol as the matrix and sodium 
trifluoroacetate as the ion source (polymer sample/dithranol/sodium trifluoroacetate = 
1/8/1 weight ratio). Differential scanning calorimetry (DSC) thermograms were 
recorded for glass transition temperature (Tg) and melting point (Tm) by means of 
Thermo Plus Evo II (Rigaku) at a rate of 5.0 °C/min on heating and cooling scans 
between 0 and 300 °C.  
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3. Results and discussion 
3.1 Synthesis of xanthates 
First, two novel xanthates containing a vinyl ether moiety were synthesized. Scheme 
2 shows the synthesis of vinyl ether-type xanthates. Both xanthates were prepared from 
2-hydroxyethyl vinyl ether (HOVE) and O-2-(vinyloxy)ethyl 1,1’-thiocarbonyl 
diimidazole (TCDI) [38]. Then the resulting O-2-(vinyloxy)ethyl 
1H-imidazole-1-carbothioate reacted with the corresponding thiols to prepare Xanthate 
1 and 2, respectively. Fig. 1 shows 
1
H NMR spectra for both xanthates. For both 
xanthates, all the signal peaks are appeared, and the signal peaks (c and c’) ascribed for 
vinyl group at the terminal end are exhibited around 6.4 ppm. This indicates that both 
vinyl ether-type xanthates did not self-polymerized under the conditions and were 
successfully synthesized. Both xanthates were yielded over 60% and quantitatively 
















H NMR spectra of (A) Xanthate 1 and (B) Xanthate 2 in CDCl3 at 25 °C. The insets 
show their chemical structures with full peak assignments. Asterisks indicate solvent peaks for 














3.2 Living cationic polymerization of vinyl ether 
The living cationic polymerizations of IBVE and TBVE were examined by using 
either Xanthate 1 or 2 of RAFT agents as an initiator with a Lewis acid including ZnCl2, 
SnCl4 and EtAlCl2. Table 1 summarizes the polymerization result. All polymerizations 
of IBVE and TBVE were carried out in toluene in the presence of ethyl acetate as an 
additive (except for ZnCl2) at 0 °C using a xanthate and Lewis acid with the following 
concentration: [monomer]0 = 0.38 M; [Xanthate]0 = 5.0 mM, [Lewis acid]0 = 10 mM, 
[ethyl acetate] = 1.0 M. First, the living polymerization of IBVE was investigated under 
Xanthate 1-HCl/ZnCl2 initiating system. As a result, the polymerization is uncontrolled 
and a polymer with broad molecular weight distribution was obtained. This is due to the 
slow interconversion between the dormant species and active species. Next, the living 
cationic polymerizations of IBVE and TBVE under Xanthate 1-HCl/SnCl4 initiating 
system in the presence of ethyl acetate (entry 2) and Xanthate 1 or 2-TFA/EtAlCl2 
initiating system in the presence of ethyl acetate (entries 3-8) were examined. In detail, 
Xanthate 1 and 2 were used for entries 2-4 and entries 5-8 as an initiating species, 
respectively. From all of the polymerizations in entries 2-8, the livingness was observed 










Table 1.   
Living cationic polymerization results of alkyl vinyl ethers, IBVE and TBVE using either 
Xanthate 1 or 2 acid adducts.  
a 
In the absence of ethyl acetate.  
b 
The individual Xanthate 1 and Xanthate 2 are denoted by X1 and X2. The HCl and trifluoroacetic 
acid (TFA) adduct for the Xanthates are also denoted by -HCl and -TFA, respectively. Cationic 
polymerization conditions: [monomer]0 = 0.38 M, [Xanthate acid adduct]0 = 5.0 mM (i.e. 
[Xanthate]0 = 5.0 mM, [HCl or TFA]0 = 5.0 mM), [Lewis acid]0 = 10 mM, [ethyl acetate] = 1.0 M in 
toluene.  
c
 Determined by GPC (polystylene calibration).  
d
 [Xanthate 2-TFA]0 = 2.5 mM
 
 
Fig. 2A shows the time-conversion curves for the polymerization of IBVE and TBVE 
for entries 2, 5 and 7. For the polymerization of TBVE using Xanthate 2-TFA/EtAlCl2 
initiating system (corresponding to entry 7), the polymerization proceeded without the 
induction phase and completed within 1 h. However, the polymerization of IBVE 
(corresponding to entries 5 and 8) was much slower than that of TBVE. This indicates 
the reactivity of TBVE is higher than that of IBVE. When SnCl4 was used as Lewis acid 
instead of EtAlCl2, the polymerization of IBVE progressed rapidly. Figure 2B shows the 
Mn and Mw/Mn values for the product polymers. The Mns of both poly(IBVE) and 
poly(TBVE) increased in a direct proportion to the monomer conversion and the 
resulting MWDs of poly(TBVE) are broader than those of poly(IBVE). The calculated 





















 X1-HCl ZnCl2 IBVE 0 7 min trace - - 
2 X1-HCl SnCl4 IBVE 0 15 min 100 5400 1.08 
3 X1-TFA EtAlCl2 IBVE 0 9 h 86.6 4700 1.12 
4 X1-TFA EtAlCl2 TBVE -30 20 min 83.3 4000 1.29 
5 X2-TFA EtAlCl2 IBVE 0 2 h 42.3 2600 1.20 
6
d
 X2-TFA EtAlCl2 TBVE -15 4 h 100 7900 1.29 
7 X2-TFA EtAlCl2 TBVE -30 30 min 84.9 4700 1.34 
8 X2-TFA EtAlCl2 IBVE 0 10 h 88.6 5400 1.13 
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from the used Xanthate assuming that one polymer chain is formed per one molecule of 
the Xanthate. Thus, both Xanthate 1 and 2 are useful for initiating species for the living 
cationic polymerization. However, due to the reactivity of TBVE which is higher than 
that of IBVE, therefore, the MWDs of poly(TBVE) are larger than those of poly(IBVE). 
Thus, all the polymerizations of poly(TBVE) were carried out below -15 ºC to suppress 
the side reactions. Fig. 3A and Fig. 3B shows typical MWD curves for poly(IBVE) and 
poly(TBVE), respectively. The MWDs for both poly(IBVE) and poly(TBVE) are 






Fig. 2. (A) Time-conversion curves for the polymerization of IBVE (○, ▲) and TBVE (●) for 
entries 2, 5 and 7, respectively. The polymerization of entry 5 proceeded up to 88.6% 
conversion for 10 h (see, entry 8 in Table 1). (B) Mn and Mw/Mn as a function of monomer 








H NMR spectrum of the resulting poly(TBVE) is shown in Fig. 4. 
The polymer exhibited the signals ascribed to the Xanthate 2 (d-k) (i.e. -end) and 
protons due to TBVE repeating units (a-c). Furthermore, the peaks for leaving group in 
RAFT process (h-k) remains in poly(TBVE). This indicates that the poly(TBVE) 
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possesses the RADIX/MADIX polymerization moiety, which is stable during living 
cationic polymerization process. For the poly(IBVE) with a Xanthate 1 moiety (see Fig. 
S1 in Supporting information), the signals ascribed to the Xanthate 1 and protons due to 
IBVE repeating units were also exhibited. Although Mn is agreement with the 
caluculated from the used Xanthate and the -end was clearly appeared from 1H NMR 
spectroscopy, however, it is difficult to calculate the accurate number average end 
functionality (Fn) because -end does not clearly appeared. To calculate Fn in detail, 
MALDI-TOF-MS spectrum was measured. The Fn is an important value that has an 
influence on the efficiency of the block copolymer [23,24,26]. 
 
 
Fig. 4. Typical 
1
H NMR spectrum of poly(TBVE) (entry 7) in CDCl3. Asterisks indicate solvent 
peaks for H2O, toluene, and methanol. 
 
The MALDI-TOF-MS spectroscopy analysis for the poly(TBVE) and poly (IBVE) 
macro-CTA was conducted to analyze both terminal end structures ( and -ends). Fig. 
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5 shows the MALDI-TOF-MS spectrum for poly(TBVE) (Mn = 2600, Mw/Mn = 1.39, 
see Fig. 3B) and the estimated chemical structures for each peak. Three major peaks 
were exhibited, where each peak is separated by 100 mass units, corresponding to the 
molar mass of TBVE repeating unit. Fortunately, the peak a shows clearly the structure 
of poly(TBVE) initiated from the Xanthate 2 was still remained, where, the 
experimental signal (1220.3 g/mol) fits the calculated molecular weight of poly(TBVE) 
with Xanthate 2 -end, methoxy -end and Na+ (1220.8 g/mol, n = 9). The peak b is 
corresponds to two types of poly(TBVE) and cannot be distinguished, i.e decomposed 
poly (TBVE) with Xanthate 2 -end during the measurement (1156.4 g/mol, n = 10) 
and poly(TBVE) with proton initiating terminal derived from adventitious water or an 
excess TFA (1156.4 g/mol, n = 11). The peak c is ascribed to the poly(TBVE) with 
proton initiating terminal and quenching with tert-butyl alcohol triggered by 
adventitious water (1200.4 g/mol, n = 11). On the basis of these results, without the 
proton initiating terminal, the apparent intensity area ratio of the peaks a and b derived 
from the xanthate end group (-end group) to the whole peaks is calculated to be 
approximately 0.94. However, if the polymerization was proceeded from a proton, the 
Fn is about 0.35, indicating that 35% of the polymer from the proton. Based on the Fig. 
2B, the Mn of the polymers was definitely closed to the calculated values. This means 
that the polymerization proceeded with relatively high Fn from Xanthate 2 for the 







Fig. 5. MALDI-TOF-MS spectrum of poly (TBVE) (entry 7) (Mn = 2600, Mw/Mn = 1.39). 
The detailed structures with their molecular weights and number repeating unit are calculated. 
The interpeak distances between the same structures correspond to the mass of TBVE repeating 
unit. 
 
3.3 Synthesis of block copolymer via RAFT/MADIX polymerization 
RAFT/MADIX polymerizations of VAc were conducted using the obtained 
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macro-CTA by living cationic polymerization. The RAFT agent with a xanthate 
structure is generally suitable to the non-conjugated monomers such as VAc. [27-29, 
39,40]. The RAFT/MADIX polymerization was conducted by using AIBN as an 
initiator at 60 °C in solvent or bulk with molar ratio of [VAc]0:[CTA]0:[AIBN]0 = 
200-600:1:0.2-05. Table 2 summarizes the results of the RAFT/MADIX polymerization. 
Entries 9 and 10 show the polymerization using the poly(IBVE) with Xanthate 1 as a 
macro-CTA obtained from the polymerization using SnCl4. From the results, they have 
no increases in the molecular weight, and the polymerization is either very slow or does 
not proceed at all. Thus, the RAFT/MADIX polymerizations of VAc using Xanthate 1 
and 2 were conducted as a model polymerization. The xanthates were treated with 
hydrochloric acid prior to radical polymerization because vinyl ether moiety can be 
partly radically-polymerized. In practice, the model Xanthate compounds were 
preliminarily synthesized by the reaction of equivalence ratio of Xanthate 1 or 2 and 1.0 
M HCl in diethyl ether followed by water. The reactions provided ethyl S-benzyl 
O-(2-hydroxyethyl) carbonodithioate (HX-1) and S-1-(ethoxycarbonyl)ethyl 
O-2-(2-hydroxyethyl) carbonodithioate (HX-2) from Xanthate 1 and 2, respectively. For 
HX-2, it is shown that when protonic acid was added to Xanthate 2, the vinyl group 
peak at 6.4 ppm disappeared in Fig. 6B. The RAFT/MADIX polymerization of VAc in 
bulk was conducted at 60 °C using AIBN. For HX-2, polymerization of VAc proceeded. 
The obtained polymer exhibited the signals ascribed to the HX-2 (a’-f’) and VAc 
repeating units (g’-i’) in Fig. 6A. However, no polymerization occurred for HX-1. This 
indicates that it is difficult for the benzyl group of free radical leaving group to initiate 
the polymerization of VAc in RAFT process. This is because of the stabilized benzyl 
radical derived from HX-1 by resonance. While, unstable ethoxycarbonyl ethyl radical 
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derived from HX-2 can initiate the polymerization of VAc. Therefore, macro-CTA by 
living cationic polymerization from Xanthate 2 is suitable to the following 
RAFT/MADIX polymerization of VAc. 
 
Table 2. 
RAFT/MADIX polymerization of VAc at 60 
o





 Polymerization for 50 h. 
b
 The segment DPn in the formula determined by GPC spectroscopy. 
c 
Monomer concentration in polymerization. 
d 
Determined by GPC (polystylene calibration). The parenthetic value indicates the Mn and 
Mw/Mn for the corresponding macro-CTA. 
e 





















9 X1-IBVE53  200 : 1 : 0.2 toluene 15 trace - - 
10 X1-IBVE53  200 : 1 : 0.5 bulk - trace  - - 
11
e
 X2-IBVE23  200 : 1 : 0.5 toluene  15 5.0 2800 (2600) 1.44 (1.39) 
12 X2-IBVE23  200 : 1 : 0.5 dioxane 15 5.0 5400 (2600) 1.13 (1.39) 
13 X2-TBVE76  200 : 1 : 0.2 bulk - 64.0 16500 (7900) 1.27 (1.29) 
14 X2-TBVE48  400 : 1 : 0.2 bulk - 61.9 31100 (5200) 1.50 (1.27) 






H NMR spectra of (A) poly(VAc) using HX-2 and (B) HX-2 as a RAFT agent in CDCl3. 
RAFT/MADIX polymerization condition of poly(VAc): [VAc]0:[HX-2]0:[AIBN]0 = 400:1:0.2. 
in bulk at 60 °C. Asterisks indicate solvent peaks for toluene. 
 
Entries 11-15 in Table 2 show the polymerization results using the poly(TBVE) 
macro-CTA with Xanthate 2. The polymerizations of VAc via RAFT/MADIX for entries 
11-15 were conducted either in the presence of organic solvent or in bulk. For the 
polymerization in toluene or dioxane, monomer concentration was adjusted to 15 wt%. 
In dioxane, the polymerization of VAc proceeded. In the case of bulk polymerization, 
the Mn increased larger than those of the polymerization in a solvent. The comparison 
between entries 14 and 15 shows that 1.5 times higher concentration of VAc for the 
same macro-CTA provided a polymer with ca. 1.5 times higher Mn. This indicates that 
the RAFT/MADIX polymerization of VAc proceeded in controlled fashion. 
Fig. 7 shows the typical GPC result and the 
1
H NMR spectrum for 
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poly(TBVE)-b-poly(VAc) (entry 14). In Fig. 7A, the MWD of 
poly(TBVE)-b-poly(VAc) clearly shifted toward the higher molecular weights relative 
to that of poly(TBVE) macro-CTA and was relatively narrow even after block 
copolymerization. At the higher molecular weight, the polymer is obtained via 
RAFT/MADIX polymerization using the poly(TBVE) macro-CTA while the tailing is 
likely to be unreacted poly(TBVE) homopolymer. Furthermore, the Mw/Mn value 
become larger with increasing amount of VAc against poly(TBVE). In particular, MWD 
of block copolymer (entry 15) is broader and the initiating efficiency was poor. 
Therefore, it can be assumed that the optimum condition for poly(TBVE)-b-poly(VAc) 
is in bulk and the molar ratio is [VAc]0/[CTA]0 ≤ 400.  
To confirm the block copolymerization in detail, the 
1
H NMR spectrum of 
poly(TBVE)-b-poly(VAc) was recorded in Fig. 7B. All peaks attributed to TBVE (a-c) 
and VAc units (d-f) were exhibited in d6-DMSO. The composition was calculated to be 
TBVE48-b-VAc206 by 
1
H NMR spectrum, which is in good agreement with that 
estimated by conversion. Thus, it is suggested that poly(TBVE)-b-poly(VAc) block 





Fig. 7. RAFT/MADIX polymerization of VAc using poly(TBVE) macro-CTA (entry 14) in bulk 
at 60 °C: [VAc]0/[poly(TBVE)]0/[AIBN]0 = 400:1:0.2. (A) Typical GPC curves of 
poly(TBVE)-b-poly(VAc) and the corresponding poly(TBVE) macro-CTA. (B) 
1
H NMR 
spectrum of the resulting poly(TBVE)-b-poly(VAc) in d6-DMSO. Asterisks indicate solvent 






3.4 Synthesis of PVA stereoblock copolymer 
The hydrolysis of homopolymers, poly(TBVE) and poly(VAc), were conducted. 
Poly(VAc) was hydrolyzed by using KOH in methanol to obtain PVA. Fig. 8A shows 
the 
1
H NMR result of PVA. In d6-DMSO, the signals attributed to the PVA polymer 
were confirmed. From the signal peak of hydroxyl group at 4.2 ppm, the dyad tacticity 
(%) = 46.0 (meso), and 54.0 (racemo). This indicates that the atactic polymer was 
obtained. On the other hand, poly(TBVE) was hydrolyzed by using HBr. From 
1
H NMR 
spectra result in Fig. 8B, all of the signal peaks ascribed to the PVA were exhibited 
including tert-butyl alcohol caused by the hydrolysis. The percentages of meso (m) and 
racemo (r) of PVA from poly(TBVE) are 70.4 and 29.6, respectively. Thus, the 







H NMR spectra of PVA in d6-DMSO (a) PVA obtained from poly(VAc) by hydrolysis 
using KOH in methanol. RAFT/MADIX polymerization was conducted in bulk at 60 
o
C: 
[VAc]0:[HX-2]0:[AIBN]0 = 400:1:0.2. (Polymerization time = 50 h, conv. ~60%, Mn = 25000, 
Mw/Mn = 1.40). (b) PVA obtained from poly(TBVE) by hydrolysis using HBr bubbling. Living 
cationic polymerization condition in toluene at -30 
o
C: [TBVE]0 = 0.38 M, [Xanthate 2]0 = 5.0 
mM, [TFA]0 = 5mM, [EtAlCl2]0 = 10.0 mM, [ethyl acetate]0 = 1.0 M. (Polymerization time = 60 
min, conv. ~100%, Mn = 5200, Mw/Mn = 1.27).  
 
The resulting poly(TBVE)-b-poly(VAc) of entry 14 in Table 2 was then hydrolyzed 
using KOH in methanol to prepare poly(TBVE)-b-PVA block copolymer. For the triad 
tacticity, the percentages of isotactics, heterotactics and syndiotactics are I: 26.9, H: 
48.9, S: 24.2, respectively, and for the dyad tacticity, the percentages of meso and 
racemo form are m: 51.4, r: 48.6, respectively. Although all the VAc units of 
poly(TBVE)-b-poly(VAc) were saponified, the TBVE moieties in 
poly(TBVE)-b-poly(VAc) can be partly converted into PVA by the alkaline hydrolysis. 
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Thus, the resulting polymer changed to be slightly meso-rich relative to PVA prepared 
by the hydrolysis of PVAc homopolymer. Hence, this indicates that poly(TBVE)-b-PVA 
are containing atactic PVA by hydrolysis. 
To prepare a PVA stereoblock copolymer, the resulting poly(TBVE)-b-PVA was 
further hydrolyzed using HBr gas bubbling. The resulting polymer can dissolve in water 
after hydrolysis. Fig. 9 shows the GPC result using aqueous eluent (pH = 7) for the final 
block copolymer, i.e. PVA stereoblock copolymer (A). The MWD clearly shifted toward 
the higher molecular weights relative to PVA hydrolyzed from the poly(TBVE) 
macro-CTA (C) even though the MWD after the hydrolysis is broader than that of the 
protected polymer (see Table 2 and Fig. 7A). In addition, the MWD is further shifted 
toward the higher molecular weights relative to PVA hydrolyzed from the corresponding 
poly(VAc) segment (B) shown in Fig. 6A. This result indicates that the block copolymer 
structure still intact even after hydrolysis. Thus, PVA stereoblock copolymer is not the 
mixture of the homopolymers. Although the precursor poly(TBVE)-b-poly(VAc) 
possesses a xanthate group, the xanthate group is protected and stable thanks to the 
solubility control during the course of hydrolysis (the illustration is shown in Fig S2 in 
Supporting information). During the alkaline hydrolysis of the resulting 
poly(TBVE)-b-PVAc, only poly(VAc) block is dissolved in methanol, whereas the 
poly(TBVE) block and xanthate moiety is insoluble in methanol. This means only the 
poly(VAc) block is hydrolyzed into PVA and the resulting product is then precipitated. 
The similar process was conducted against acid hydrolysis in toluene to obtain the final 
product, iPVA-b-aPVA. However, there is always the possibility of the cleavage of 
xanthate moiety. Thus, such a suitable deprotection condition is necessary to obtain the 




Fig. 9. GPC curves of (A) iPVA-b-aPVA hydrolyzed from poly(TBVE)-b-poly(VAc) (entry 14), 
(B) aPVA hydrolyzed from the corresponding poly(VAc) homopolymer shown in Fig. 6A, and 




H NMR spectra for the resulting polymer after hydrolysis (Fig. 10), the signals 
of poly(TBVE) in CDCl3 completely disappeared (Fig. 10B) and all PVA signals in 
d6-DMSO appeared (Fig. 10A). Some tiny peaks around 5.4-6.0 ppm are observed due 
to the side reactions in living cationic polymerization. In addition, from the analysis of 
the peak of hydroxyl group of PVA, the percentages of meso and racemo are 50.2 and 
49.8, respectively, and for triad tacticity, the percentages of isotactics (I), heterotactics 
(H) and syndiotactics (S) are 25.7, 48.9, 25.4, respectively. The resulting dyad tacticity 
is in good agreement with that calculated, m: 50.6 and r: 49.4, which are estimated from 
the precursor composition (TBVE48-b-VAc206) and the dyad tacticity for each segment 
as shown in Fig. 8. The increase in the meso or isotactics is due to the isotactic rich of 
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H NMR spectra of iPVA-b-aPVA (a) in d6-DMSO and (b) in CDCl3.  
 
The thermal properties of obtained stereoblock PVA, i.e. iPVA-b-aPVA were then 
investigated. Ohgi et. al. summarized the DSC and TGA measurement of high isotactic 
PVA (HI-PVA, melting point: over 240 °C), low isotactic PVA (LI-PVA, ca.180-230 °C), 
atactic PVA (A-PVA, ca. 230 °C) and syndiotactic PVA (S-PVA, over 240 °C) [41]. 
HI-PVA shows high melting temperature and melting curve relatively closed to the 
S-PVA as compared to those of the LI-PVA and A-PVA. Furthermore, the melting 
endothermic curve of LI-PVA is broader and difficult to determine the heat of melting. 
The different melting points are likely to be due to the different hydrogen bondings. In 
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addition, the high thermal stability of HI-PVA can be seen in term of weight loss 
because thermal decomposition of LI-PVA occurred easily. DSC measurement of 
iPVA-b-aPVA is shown in Fig. 11. From the thermogram, the glass transition 
temperature (Tg) shows at 69.5 °C. The Tg is unique in PVA, which is not significantly 
influenced by the difference in stereoregularity. Interestingly, there are two melting 
points for PVA at 198.1 °C (Tm1) and 237.9 °C (Tm2). These values are close to the 
corresponding melting points for the homopolymers from poly(VAc) and poly(TBVE), 
which are 215.0 °C and 234.2 °C, respectively (see Fig S3 in Supporting information). 
Since the product iPVA-b-aPVA is block copolymer and has imperfect stereoregularity, 
both Tms are likely to be shifted toward lower temperatures. This thermal property of the 
resulting PVA stereoblock copolymer is similar to the result on that of isotactic-atactic 
stereoblock polyolefines prepared by coordination polymerization [42]. Hence, it can be 
suggested that obtained PVA has two different geometries which first synthesized by the 
combination of living cationic vinyl polymerization and RAFT/MADIX polymerization.  
 
 
Fig. 11. DSC thermogram of PVA stereoblock copolymer (iPVA-b-aPVA). 
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4 Conclusion  
In conclusion, novel stereoblock copolymer, iPVA-b-aPVA, was successfully 
synthesized by the transformation of living cationic polymerization of vinyl ethers into 
RAFT/MADIX polymerization. For living cationic polymerization of IBVE and TBVE, 
the polymerizations were proceeded under Xanthate 1-HCl adduct/SnCl4 and Xanthate 1 
or 2-CF3COOH adduct/EtAlCl2 initiating system in the presence of ethyl acetate. Both 
systems show living polymerization nature and the resulting polymers had high number 
average -end functionality. However, Xanthate 1 is less efficient for the following 
RAFT/MADIX polymerization of VAc due to the stabilized benzyl radical derived from 
Xanthate 1 by resonance. The following RAFT/MADIX polymerization of VAc using 
AIBN at 60 °C was conducted mainly using poly(TBVE) macro-CTA. The poly(TBVE) 
macro-CTAs synthesized from the Xanthate 2 was able to polymerize VAc smoothly 
via RAFT/MADIX polymerization, to prepare well-defined diblock copolymer, 
poly(TBVE)-b-poly(VAc). The resulting block copolymer was then hydrolyzed using 
KOH in methanol and followed by acid hydrolysis using HBr gas bubbling. The 
resulting polymer was isotactic rich PVA-b-atactic PVA (iPVA-b-aPVA), determined by 
1
H NMR spectroscopy. From the DSC measurement, the iPVA-b-aPVA has one glass 
transition at 69.5 

C and two melting points according to iPVA and aPVA at 237.9 and 
198.1 

C, respectively. This indicates that the obtained PVA has two different 
geometries, which was first synthesized by the combination of living cationic vinyl 
polymerization and RAFT/MADIX polymerization. 
 
References 
1. Lazzari, M.; Lopez-Quintela, M. A. Adv. Mater. 2003,15,583-1594. 
146 
 
2. (a) Sugihara, S.; Blanazs, A.; Armes, S.P.; Ryan, A.J.; Lewis, A.L. J. Am. Chem. 
Soc. 2011,133, 15707–15713. (b) Sugihara, S.; Kanaoka, S.; Aoshima, S. J. Polym. 
Sci. Part A: Polym. Chem. 2004, 42, 2601−2611. (c) Sugihara, S.; Hashimoto, K.; 
Okabe, S.; Shibayama. M.; Kanaoka, S.; Aoshima, S. Macromolecules 2004, 
37,336−343. (d) Sugihara, S.; Ito, S.; Irie. S.; Ikeda, I. Macromolecules 2010, 43, 
1753−1760. 
3. Sugihara, S.; Armes, S.P.; Lewis, A.L. Angew. Chem. In.t Ed. 2010,49,3500-3 
4. Duncan, R. Nat. Rev. Drug. Disc. 2003,2,347-360. 
5. Ruzette, A-V.; Leibler, L. Nat. Mater. 2005,4,19-31. 
6. Bates, C. M.; Maher, M.J.; Janes, D.W.; Ellison, C.J.; Willson, C.G. 
Macromolecules 2014,47,2-12. 
7. Lutz, J-F. Polym. Chem. 2010, 1, 55–62. 
8. Coates, G.W.; Waymouth, R.M. Science 1995, 267,217-219. 
9. Yagci, Y.; Tasdelen, M.A. Polym. Chem. 2010,1,55–62 
10. Hadjichristidis, N.; Pitsikalis, M.; Iatrou, H. Adv. Polym. Sci. 2005, 189, 1−124. 
11. Burgess, F.J.; Cunliffe, A.V.; MacCallum, J.R.; Richards, D.H. Polymer 1977, 
18,719−725. 
12. (a) Coca, S.; Matyjaszewski, K. Macromolecules 1997, 30, 2808−2810. (b) 
Matyjaszewski, K. Macromol. Symp. 1998,132, 85−101. 
13. Yamada, K.; Miyazaki, M.; Ohno, K.; Fukuda, T.; Minoda, M. Macromolecules 
1999, 32,290-293. 
14. Zhu, Y.; Storey, R.F. Macromolecules 2012, 45, 5347-5357. 
15. Jakubowski, W.; Tsarevsky, N.V.; Higashihara, T.; Faust, R.; Matyjaszewski, K. 
Macromolecules 2008, 41, 2318-2323. 
147 
 
16. Mishima, E.; Yamada, T.; Watanabe, H.; Yamago, S. Chem. Asian. J. 2011, 
6,445-451. 
17. Mishima, E.; Yamago, S. Macromol. Rapid. Commun. 2011,32,893-898. 
18. Lu, J.; Liang, H.; Zhang, W.; Cheng, Q. J. Polym. Sci. Part A: Polym. Chem. 2003, 
41, 1237-1242. 
19. Hong, S.C.; Pakula, T.; Matyjaszewski, K. Macromol. Chem. Phys. 2001,202, 
3392-3402. 
20. Kumagai, S.; Nagai, K.; Satoh, K.; Kamigaito, M. Macromolecules 2010, 43, 
7523-7531. 
21. Bauri, K.; De, P.; Shah, P.N.; Li, R.; Faust, R. Macromolecules 
2013,46,5861-5870. 
22. Magenau, A.J.D.; Martinez-Castro, N.; Storey, R.F. Macromolecules 2009, 42, 
2353-2359. 
23. Sugihara, S.; Yamashita, K.; Matsuzuka, K.; Ikeda, I.; Maeda, Y. Macromolecules 
2012, 45, 794-804. 
24. Chapter 3 of this thesis; Sugihara, S.; Iwata, K.; Miura, S.; Akmal, H.M.R.; Maeda, 
Y. Polymer 2013, 54, 1043-1052. 
25. Sugihara, S. Kobunshi Ronbunshu 2012, 69, 567-579. 
26. Chapter 4 of this thesis; Akmal, H.M.R.; Sugihara, S.; Miura, S.; Konegawa, N.; 
Maeda, Y. Polymer 2014,55,1920-1930. 
27. Perrier, S.; Takolpuckdee, P. J. Polym. Sci. Part A: Polym. Chem. 2005, 43, 5347–
5393. 
28. Charmot, D.; Corpart, P.; Adam, H.; Zard, S.Z.; Biadatti, T.; Bouhadir, G. 
Macromol Symp 2000,150,23-32. 
148 
 
29. Barner-Kowollik, C. Handbook of RAFT polymerization. Weinheim: Wiley-VCH; 
2008. 
30. Higashimura, T.; Suzuoki, K.; Okamura, S. Makromol. Chem. 1965, 86, 259-270. 
31. Odian, G. Principles of polymerization. 4th ed. Hoboken, NJ: John Wiley and 
Sons, Inc.; 2004. 
32. Miyasaka, K. Adv. Polym. Sci. 1993,108,91-129. 
33. Chiellini, E.; Corti, A.; D’Antone S, Solaro R. Prog. Polym. Sci. 2003, 28, 
963-1014. 
34. Drury, J.L.; Mooney, D.J. Biomaterials 2003, 24, 4337-51. 
35. Lee, K.Y.; Mooney, D.J. Chem. Rev. 2001, 101, 1869-79. 
36. Ohgi, H.; Sato,T.; Watanabe, H.; Horii, F. Polym. J. 2006, 38, 1055-1060. 
37. Aoshima, S.; Shachi, K.; Kobayashi, E. Polym. J. 1994, 26, 335-341. 
38. Wood, M.R.; Duncalf, D.J.; Rannrd, S.P.; Perrier, S. Org. Lett. 2006,8,553-556. 
39. Stenzel, M.H.; Cummins, L.; Roberts, G.E.; Davis, T.; Vana, P.; Barner-Kowollik 
C. Macromol. Chem. Phys. 2003, 204,1160-1168. 
40. Repollet-Pedrosa, M.H.; Weber, R.L.; Schmitt, A.L.; Mahanthappa, M.K. 
Macromolecules 2010, 43, 7900-7902. 
41. Ohgi, H.; Sato, T.; Hu, S.; Horii, F. Polymer 2006, 47, 1324-1332. 










Fig. S1. Typical 
1
H NMR spectrum of poly(IBVE) (entry 2) in CDCl3. 
 
 







Fig. S3. DSC thermograms of different stereoregular PVA prepared from (a) poly(VAc) and (b) 


















Synthesis of various self-assemblies via RAFT aqueous 
dispersion polymerization using poly(ethylene oxide) 
macro-chain transfer agent 
 
Abstract 
The polymerization of 2-methoxyethyl acrylate (MEA) via RAFT aqueous dispersion 
polymerization using a water-soluble macromolecular chain transfer agent based on 
poly (ethylene oxide) (PEO) was investigated. First, trithiocarbarbonate RAFT agent 
was prepared and the macro-CTA was synthesized by esterification with a commercial 
PEO monomethyl ether (Mn= 350, 2000 and 5000). The obtained macromolecular 
RAFT agents acted as a steric stabilizer which stabilized the dispersed particles during 
the course of RAFT aqueous dispersion polymerization with water in 70 

C with MEA. 
As these polymerizations proceeded, the solution was changed from transparent to 
opaque, indicating the micellar solution characteristic formation. The number average 
molecular weight of the produced polymer is shifted to the higher molecular weight 
relative to PEO monomethyl ether and the nano-assemblies were simultaneously 
obtained. The RAFT aqueous dispersion polymerization produces a hydrophobic PMEA 
block, which let to in situ self-assembly to form well-defined sphere micelles, 
worm-like micelles, and vesicles. The final particle morphology was investigated by 
varying synthesis parameters such as the targeted DP of the hydrophilic group and the 




Dispersion polymerization is well-known as the method to synthesize in situ stable 
particles from the polymer. It is useful to prepare micro size particles from the 
monodisperse polymer that are used in wide variety of applications, such as drug 
delivery, nanoreactors, coatings and many more.
1-4
 The synthesis starts when both of 
steric stabilizer and monomer are dissolved in solvent, however, the polymer is not 
dissolved after the polymerization proceeded. Therefore, well-defined particles are 
formed when steric stabilizer performs and disperses the particles. Moreover, the 
outside layer of the polymer made by this steric stabilizer serves to set off the 
functionality of the particles as well. However, generally, only spherical particles are 
obtained, whereas the other morphologies are difficult to achieve.  
On the other hand, when low molecular-weight of amphiphilic compound exceeds the 
critical micelle concentration, it will form micelles in water. Furthermore, when the 
volume fraction of the hydrophilic group and a hydrophobic group is changed in a 
surfactant packing parameter,
5
 micelle takes a variety of forms such as spherical 
micelles, rod-like micelles, and lamellar. When the temperature, micelle concentration, 
or pressure in the system is changed, the micelles form is changed along with the 
aggregation number of the micelles. From this concept, block copolymer in selective 
solvents also offer self-assemblies such as spherical micelles, rod-shaped (worm-like), 
vesicles and toroids.
6-10 
 This polymeric nanostructures offer many applications such as 
dispersants, templates, elastomers, and many more.
11-14
 However, those applications are 
most usually used micelles. Even though vesicle and worm-like micelles are stable 
structures, however, it is difficult to selectively remove those shapes because the 
condition and forming area to prepare those shapes are very small. Therefore, to 
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investigate the polymerization system that can be changed in situ, aqueous dispersion 
polymerization systems mediated by reversible addition fragmentation chain transfer 
(RAFT) processes was investigated. Using this process, the synthesis of well-defined 
dispersed polymer is more promising due to its ability to control the molecular weight 
with a narrow molecular weight distribution and functionalized the end group.  
In the recent years, this process is reported to be most versatile and highly efficient to 
produce nanoassemblies polymers, either diblock copolymer spheres, worms or vesicles. 
The macro-CTAs prepared by RAFT polymerization are functioned as transfer agent 
and also reactive steric stabilizer to provide colloidal stability for the obtained dispersed 
particles or latexes. As this polymer chains grow during the dispersion polymerization, 
they become increasingly hydrophobic. Thus, the resulting block copolymers undergo 
spontaneous self-assembly in water. Until recently, a few reports regarding these 
macro-CTAs have been published. Among these macro-CTAs, PEO macromolecular 
RAFT agent is widely used in dispersion and emulsion polymerization because the 
monodisperse self-assembly nanostructures are relatively favorable to design. It is also 
well known as hydrophilic and biocompatible polymer,
15
 and has been used in a wide 
variety of block copolymers. Charleux et al. reported that the PEO macroRAFT agent 
can be used as both control agent and stabilizer in surfactant free miniemulsion 
polymerization of styrene
16,17
 and n-butyl acrylate-co-methyl methacrylate 
(nBA-co-MMA)
18
. Furthermore, Pan et al. have successfully prepared PEO-b-PS 
vesicles via dispersion polymerization in alcohol media.
19
 
However as far as the author aware, the dispersion polymerization was usually 
conducted in organic solvent and only a few reports regarding dispersion 
polymerization in water due to the limitation of the monomer. Sugihara and Armes et al. 
154 
 
was first introduced an efficient method for preparation of polymer induced 
self-assembly (PISA) such as spheres, worms and vesicles from block copolymer 
directly from aqueous solution.
20 
Furthermore, by varying synthesis parameters such as 
the targeted degree of polymerization (DP) of the hydrophilic part of the diblock 
copolymer and the total solid concentration, the final particle morphology was 
investigated.  
Herein, the self-assembly of various block copolymers using a hydrophilic 
macro-chain transfer agent as a steric stabilizer, i.e. trithiocarbonate terminated 
poly(ethylene oxide) (PEO) macro-RAFT agent were reported. PEO is a biocompatible 
monomer that is used as dispersant and flocculants because the particles is stable during 
freeze-drying condition and electrolytes;
21
 and able to adsorb onto inorganic surfaces.
22
 
In the case of non-liner PEO, the solubility in water can be adjusted by changing the 




 and ions effect
25
; and therefore, enables 
to adjust the self-assembling properties.
26
 In addition, PEO is nontoxic, 
nonimmunogenic and used as a drug delivery system. PEO improved the enhanced 
permeability and retention (EPR) effect in tumor tissue through PEGylation.
27
 
PEGylation is the process of the attachment of PEO polymer chains to the drug of 
therapeutic protein.
28,29
 PEGylated nanoparticles are very stable and second aggregation 
in the blood stream can be prevented.
30
 On the other hand, methoxyethyl acrylate 
(MEA) was used as a monomer in RAFT aqueous dispersion polymerization.  MEA 
monomer have many advantages such as blood compatibility and low protein 
adsorption.
31
 It is widely used in biomedical application.
32
 The more important is that 
MEA is soluble monomer in water, however the polymer is hydrophobic. Therefore, it is 





2- methoxyethyl acrylate (MEA) was also purchased from Wako was passed through a 
column of Al2O3 to remove the inhibitor before use. Toluene (Wako, > 99.5%) was 
washed by the usual method and then was distilled over calcium hydride just before use.  
Poly(ethylene oxide) monomethyl ether (PEO-OH, Mn = 350 g mol-1, 2000 g mol-1, 
5000 g mol-1, Aldrich), 4-dimethylaminopyridine (DMAP, >99%), 
N,N’-dicyclohexylcarbodiimide (DCC, >99%), 4,4’-azobis(4-cyanopentanoic acid) 
(V-501, >98%, Wako) were purified by recrystallization from methanol. 
S-1-Dodecyl-S’-(,’-dimethyl-’’-acetic acid)trithiocarbonate and cyanopentanoic 




2.1 Synthesis of PEO macromolecular RAFT agent and RAFT dispersion 
polymerization 
PEO macromolecular RAFT agent with molecular weight of 2000 and 5000 were 
synthesized following the literature protocol.
16
 PEO macromolecular RAFT agent was 
obtained was determined by 
1
H NMR. Molecular weight distributions for PEO macro 
CTA and PEO-b-PMEA diblock copolymer were assessed by gel permeation 
chromatography (GPC). The typical experiment for RAFT aqueous dispersion 
polymerization was conducted as follows. For example, for PEO with molecular weight 
of 2000, the actual degree of polymerization of this macro-CTA was around 44 as 
judged by 
1
H NMR spectroscopy. This PEO44 macro-CTA (0.15 g, equivalent to 0.065 
mmol PEO repeat units) was mixed with V-501 (6.0 mg, 0.021 mmol; 
macro-CTA/initiator molar ratio = 3.0) and varying amounts of MEA (0.634-2.115 g, 
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4.872-16.252 mmol; targeted DP 75-250), and deionized water (1.829-20.385 g; 10-30 
wt%) for the desired total solids concentration in a round-bottomed flask, which was 
equipped with a magnetic stir bar. These solutions were stirred in an ice-bath until all 
reagents had dissolved. After sparging with nitrogen for approximately 30 min, each 
polymerization was allowed to proceed at 70 °C and then quenched after 23 h via rapid 
cooling in an ice bath and exposure to air. 
 
2.2 Polymer characterization 
Molecular weight distributions (MWDs) copolymers were assessed by size exclusion 
chromatography (SEC) in N, N-dimethylformamide (DMF) with 10 mM LiBr at 40 °C 
using a polystyrene gel columns [TSK gel G-MHHR-M; flow rate 1.0 mL/min] 
connected to a Tosoh CCPM-II pump and a RI-8012 and UV-8000 for refractive and 
UV detector, respectively. Mn and Mw/Mn was calculated from SEC curves on the basis 
of a PSt calibration. 
1
H NMR spectra to the determine the structure such as the 
number-average end functionality of the RAFT terminal (Fn) and the compositions of 
block copolymers were recorded on either JEOL JNM-EX300 (300 MHz) or JEOL 
JNM-EX500 spectrometer (500 MHz). DLS studies were performed using a Zetasizer 
Nano-ZS instrument (Malvern Instruments, UK) at 25 °C at a scattering angle of 173°. 
The intensity-average hydrodynamic diameter (Dh) and polydispersity (PDI, 2/2) were 
calculated by cumulants analysis of the experimental correlation function using the 
attached software of the Nano-ZS instrument. Atomic force microscopy (AFM) images 
were recorded using a dynamic force mode (DFM) at ambient conditions with an 
SPM-9700 (Shimadzu) scanning probe microscope. Silicon AFM probe tip (Olympus, 
OMCL-AC160TS-C3) with a radius of 7 nm, a spring constant of 26 N/m, and a 
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resonance frequency of 300 kHz were used. A sample for AFM imaging was prepared at 
by placing a 20 mL drop of the block copolymer solution (0.05 wt% polymer solution) 
on freshly cleaved muscovite mica (10×10 mm, V-4 grade, Alliance Biosystems) and 
allowing it to dry in air for a day. For SEM analysis, the aqueous dispersions were 
mounted directly on aluminum stubs, dried under air and sputtered with gold under 
vacuum. They were then visualized in high vacuum using a JEOL JSM-6390 scanning 
electron microscope. 
 
3. Results and discussion 
In this section, RAFT aqueous polymerization was carried out using MEA and 
HPMA, respectively. The synthetic approach is shown in Scheme 1.   For the 
polymerizations, two types of RAFT agents were prepared, i.e. 
S-1-dodecyl-S’-(,’-dimethyl-’’-acetic acid) trithiocarbonate and 4-cyanopentanoic 
acid dithiobenzoate, respectively.  Then, PEO macromolecular RAFT agent with 
molecular weight of 350, 2000 and 5000 were prepared via the esterification process of 
the carboxylic acid group from trithiocarbonate RAFT agent with poly(ethylene oxide) 
monomethyl ether in toluene at room temperature. The macro-CTAs acted as reactive 
steric stabilizer which is a hydrophilic polymer during the dispersion. The synthesis of 
macro CTA was confirmed by using SEC measurement and
 1
H NMR as shown in Fig. 1. 
From SEC measurement in Fig. 1A, the macro-CTA is shifted to the higher molecular 
weight. Furthermore, the molecular weight distributions (MWDs) are relatively narrow 
relative to that of PEO polymer. From proton NMR result in Fig. 1B, all of the peaks 
that ascribed to PEO were exhibited. The peaks of the RAFT agent were also appeared 





Scheme 1. Synthesis of PEO-b-PMEA and PEO-b-PHPMA diblock copolymer via RAFT 







Fig. 1. (A) Typical SEC curves for PEO44 macro-CTA. (B) Typical 
1
H NMR spectra recorded 
for PEO44 macro-CTA (top) and RAFT agent (bottom).  
 
The RAFT aqueous dispersion polymerization was then conducted using PEO 
macro-CTA. For HPMA polymerization at 70 °C using V-501 in water, as 
polymerization initiated, the obtained polymer was precipitated, regardless of the 
molecular weight of PEO macro-CTA.  This is likely due to the unstable steric 
stabilizer or hydrogen bonding between hydroxyl groups in HPMA or poly(HPMA) and 
PEO. Thus, instead of HPMA, MEA was mainly used as a core monomer for 
PEO-stabilized self-assembly by RAFT aqueous dispersion polymerization using PEO 
macro-CTA, V-501 as initiator in water at 70 °C at various solids concentration. The 
targeted polymerization was varied and the solid contents for all polymerizations were 
set from 10-30 wt%. For PEO with molecular weight of 350, the precipitation occurred 
prior after the polymerization. This is due to the DP of macro-CTA which is not 
sufficiently enough to stabilize the particles during the dispersion. However, for PEO44 
and PEO96 macro-CTA which is relative to the molecular weight of 2000 and 5000 
determined by 
1
H NMR spectroscopy, the RAFT aqueous polymerizations were 
proceeded. Therefore, the PEO with higher molecular weights are able to stabilize and 
disperses the particles in the water. During the RAFT aqueous polymerization, the 
solution changed from transparent to opaque, indicating micellar solution characteristics. 
The typical kinetic data of block copolymerization of PEO44-PMEA400 diblock 
copolymer was depicted in Fig.2. Fig. 2A shows the representative time-conversion 
curves and the first-order kinetic plot for the dispersion polymerization with PEO44 
macro CTA. The polymerization proceeded smoothly and the polymerization was first 
order with respect to monomer. Fig. 2B shows Mn and the Mw/Mn values of the product 
polymers. The Mn increased in a direct proportion to the monomer conversion and the 
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molecular weight distributions are relatively narrow. The typical SEC curves are shown 
in Fig. 2C. The PEO-PMEA obtained had relatively narrow molecular weight 
distribution and shifted to higher molecular weight as conversion increased. 
 
 
Fig. 2. (A) Time vs. conversion and first order kinetic plot, (B) evolution of Mn and Mw/Mn with 
conversion  (C) Typical SEC curves for dispersion polymerization of MEA in water at 70 
0
C 
under various  diblock copolymer particles: PEO44 macro-CTA (0.15 g, 0.065 mmol); [PEO44  









D2O in Fig. 3. From
 1
H NMR result, all signals that ascribed to MEA are not appeared 
in D2O, whereas the signals corresponding to PEO remained relatively sharp. However, 
all the signals are well dissolved in d4-methanol in which the signals attributed to both 
MEA and HPMA are exhibited. This indicated that PMEA-core associations such as 
micelles are formed in water. However, for the RAFT aqueous dispersion 
polymerization of HPMA, precipitation occurred immediately after the polymerization 
due to the unstable steric stabilizer or hydrogen bonding between PEO and PHPMA. 
 
Fig. 3. Typical 
1
H NMR spectra for PEO44-PMEA diblock copolymer (A) in CD3OD (B) in 




The representative of dynamic light scattering (DLS) results for various 
PEO44-PMEAm (m = 75-250) diblock copolymer particles are shown in Fig. 4. As the 





particle diameter (Dh) vary directly with the DP. From the relationship between Dh and 
the DP of MEA, it is clearly show that the average particle diameter increased with the 
increasing DP of core. Furthermore, when the solid contents increased in the case of 
PEO96-MEA300-X (X = 10-30 wt% of the solid contents) in Fig. 5, it is considered that, 
the average particle also increased. However, the variation is different from diameter 
against DP of core. 
Fig. 4. (A) Relationship between mean diameter and DP of PMEA and (B) DLS particle size 
distributions (number vs. mean hydrodynamic diameter, Dh) obtained for various 
PEO44PMEAx-15  diblock copolymer particles.  
 
Fig. 5. (A) Relationship between mean diameter and solids content (%) and (B) DLS particle 
size distributions (number vs. mean hydrodynamic diameter, Dh) obtained for PEO96-PMEA300 
under different solid contents.  
 
  To confirm block copolymer morphology, atomic force microscope (AFM) and 





was used as steric stabilizer, all self-assemblies are spheres as shown in Fig. 6. When 
the DP of MEA increased, the sizes of the spheres are also increased. However, no 
differences were seen with the changing of solid contents.  
 
 
Fig. 6. Block copolymer morphologies for PEO44-PMEAm diblock copolymer observed by DFM 
mode in AFM 
 
Interestingly, when PEO96-macro CTA was used in the RAFT aqueous dispersion 
polymerization with MEA, various self-assemblies are obtained. In the case of 
PEO96-b-MEA300 diblock copolymer, the sphere micelles changed into worm-like 
micelles and finally into vesicles as the solid content increased from 10 to 30 wt% as 
shown in Fig. 7. This variation is in good agreement with the DLS results in Fig. 5. The 
formation of vesicles was determined from dimple by topography (height) measurement 
(bottom image of E96M300-20) of AFM size. Therefore, it can be concluded that PEO 






Fig. 7. Block copolymer morphologies for PEO96-PMEA300 diblock copolymer observed by 
DFM mode in AFM. 
 
  When targeted DP of MEA function increased to 400 using the same macro-CTA, 
spheres and vesicles are obtained as the solid content increased as shown in Fig. 8 
observed by SEM. In this chain length of PEO, no worm-like micelles are observed. 
The phase may occupy a narrow region in this system. From these results, it can be 
concluded that various self-assemblies can be obtained by varying the length of 
hydrophilic group and solid contents. 
 
 
Fig. 8. Block copolymer morphologies for PEO96-PMEA400 diblock copolymer observed by 
SEM 
 
  From these results, it can be concluded that the production of sphere micelles, 
rod-like micelles can be predicted and enables the facileness and effective preparation 
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of various self-assemblies by changing directly the concentrated aqueous solution. 
These results expand the previous PMPC-PHPMA formulation and are useful for 
biomaterials as well. 
 
4. Conclusion 
  In conclusion, the block copolymerization of PEO-b-PMEA diblock copolymer via 
RAFT aqueous dispersion polymerization was successfully synthesized. Using PEO96 
macro-CTA as a reactive steric stabilizer, various morphologies with high order 
structure were successfully obtained with the increasing solid contents. For example, for 
PEO96-PMEA300 diblock copolymer, sphere micelles, rod-like micelles and vesicles can 
be prepared by changing the solids content.  
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